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Abstract 
In the context of a liberalized energy market, Condition Based Maintenance 
(CBM) is necessary for power companies to cut down costs of maintenance. 
Considering large expensive transformers, online monitoring on the insulation 
systems contributes to reduce the substantial outage loss for power utilities and 
prevent potential failures at very early stages. Dielectric response measurements have 
been widely used to determine degradation status of oil-paper insulation system. 
However, they have to date only been implemented on de-energised transformers, 
which requires the transformers to be shut down for an extended period and may 
cause significant costs. In addition, it is desirable that the online measurements can 
be implemented at a faster speed to address the elapsed time issue associated with 
any very low frequency measurement. Frequency Domain dielectric response 
measurement called Frequency Domain Spectroscopy (FDS) is proposed as a 
suitable method for the online application. As for the present offline FDS tests, the 
important non-instantaneous polarisation response is normally masked by large 
capacitive response of the insulation system so there is a need for measuring the 
polarisation response directly to accentuate the relaxation polarisation processes. To 
overcome the deficiencies of the existing FDS method, this research work is focusing 
on developing a fast online technique for FDS measurements and improving the 
existing offline FDS measuring technique in order to develop the future application 
of online and offline FDS measurements.  
The first promising experimental technique in this research addresses the 
main issues associated with online FDS application. Neutral connections are 
proposed as injection and measurement points to implement FDS on energised 
transformers. In this technique, a low-pass filter system is designed to remove the 
high frequency noise appearing in the neutral and to measure the extremely small 
dielectric response current. The technique is successfully applied on transformers 
with an oil-paper insulation system under different operational age. Compared with 
the conventional FDS results, nonlinear dielectric phenomenon is observed from the 
energised insulation system as higher dissipation factor tanδ  values due to the 
increased losses. The degree of the nonlinearity is found to be correlated with the 
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degradation status of insulation system under test. The technique is feasible for 
single-phase as well as 3-phase transformers with the accessible neutral points. 
The second experimental technique improves on the existing FDS method 
utilizing a bridge circuit to measure the slow polarisation responses. The bridge 
circuit is designed to substantially reduce the significant impacts from the geometric 
capacitance of insulation system under test whilst measuring the response only from 
the non-instantaneous polarisation processes. This application of a bridge circuit 
enables the imaginary admittance to be a degradation indicator to assist in the 
interpretation of polarisation processes and simplify the system identification. 
Further, correlations between frequency imaginary admittance and time domain 
measurements are established with the aid of the bridge circuit measurement. 
Experimental results show that the imaginary admittance response measured by the 
bridge circuit can provide a direct understanding of the insulation degradation 
condition. 
Finally, a chirp excitation waveform is used to replace the conventional 
sinusoidal waveform with the objective of reducing the measuring time. A new 
signal processing technique called chirp-matched method is designed to extract the 
spectrum of a chirp waveform signal and has better noise cancellation ability 
compared with Fast Fourier Transformation (FFT) when dealing with a chirp 
waveform signal. The frequency results in the thesis are successfully obtained by this 
approach. The online as well as offline FDS experiments with the proposed chirp-
matched method show that the measuring time can be significantly reduced. 
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Innovations 
This research proposed novel diagnostic techniques to implement online dielectric 
condition monitoring measurements on oil-paper insulation systems of large power 
transformers as well as to improve the existing offline measurement. The techniques 
are improved and developed on the basis of the principle of Frequency Domain 
Spectroscopy (FDS) method. A suitable injection and measurement system was 
designed and built to achieve the online task while a bridge circuit was proposed to 
measure the offline FDS dielectric response. The feasibility and validity of the 
methods was supported by the extensive model simulation works as well as 
experimental investigations. Innovations involved in the thesis can be summarised as 
two experimental techniques and one signal processing method, which are listed as 
following points: 
 1
st
 experimental technique:  
o Neutral connections of power transformers or instrument transformers 
were used as injection and measurement paths for the online dielectric 
response measurement application to substitute for the conventional 
injection method that relies on shorted HV or LV terminals. 
o Successfully applying the proposed technique on energised 
transformers.  
o Investigating and interpreting the dielectric phenomenon 
corresponding to the combination of power frequency and the low 
frequency electrical field in energised condition. 
 2
nd
 experimental technique:  
o A bridge circuit was designed as the offline diagnostic method with 
the purpose of cancelling the large geometric capacitance effects on 
dielectric response results in order to enhance degradation signature of 
the insulation system under test.  
o Imaginary admittance response measured by the bridge circuit was put 
forward as an alternative insulation degradation indicator.  
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o A straightforward linkage between time domain measurements (PDC 
and RVM) and frequency domain measurement results was 
established owning to the indicator. 
 Signal processing method:  
o Logarithmic swept chirp waveform excitation was used in the above 
offline and online diagnostic techniques for the first time. 
o Measuring time can be considerably reduced especially for the very 
low frequency signal. 
o An effective and simple signal processing strategy called chirp-
matched filter was designed to extract the precise frequency domain 
information from time domain chirp waveform signal with a strong 
noise cancellation capability. 
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Chapter 1:  Introduction 
This chapter outlines the background to the research in section 1.1, problems of 
the research in section 1.2, and the research method in section 1.3. Section 1.4 
describes the significance of this research. Finally, section 1.5 includes an outline of 
the remaining chapters of the thesis. 
1.1 BACKGROUND 
Power transformers serve as crucial connection equipment in the power system, 
playing an extremely vital role to deliver electricity from remote generation sites to 
customers. Therefore, protection of transformers from failures is an important task to 
be undertaken by utilities as the power outage caused by transformer failures 
inevitably results in significant economic losses for both power utilities and 
customers. Most of the failures, such as dangerous breakdowns, are attributed to 
severe degradation of transformer oil-paper insulation systems. Insulation 
degradation will cause partial discharge, thermal faults and then reduce the service 
life of transformers. The fact that the majority of the transformers worldwide are 
approaching or have exceeded their designed lifetimes enhances the risk of failures. 
Further, the replacement of old or problematic transformers with new ones is not 
practical and economical since transformers are among the most expensive assets in 
the power system. Therefore, the desirable method for the electrical utility industry is 
to maximize the possible service life of the transformers by monitoring the condition 
of their insulation. This target can be achieved by Condition Based Maintenance 
(CBM) instead of regular, pre-determined intervals, which means the necessary 
maintenance is performed if the equipment is assessed to be degraded [1, 2]. Before 
taking corrective actions, engineers need to learn about the exact condition of 
equipment to determine the maintenance strategies. Lots of diagnostic techniques can 
be used to support CBM of HV equipment. Among them, dielectric response 
measurements, featured as non-destructive and non-intrusive electrical monitoring 
techniques for a specific type of problem, are commonly utilised in recent decades to 
diagnose the degrading status and ageing effects of transformer insulation systems [1, 
2]. 
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Dielectric response measurements are well-known and widely acceptable 
techniques for the insulation system diagnosis with the advantage of keeping the 
integrity of insulation system rather than sampling the insulating materials and 
capturing the changes of dielectric properties of the insulation [3]. The measurements 
date back to as early as the 1900s and are classified into time and frequency domain 
techniques. Time domain methods include Return Voltage Measurements (RVM) 
and Polarisation and Depolarisation Current (PDC) measurements, while frequency 
domain methods refer to Frequency Domain Spectroscopy (FDS) measurements. 
PDC results can assess the condition of the oil and the paper separately [4, 5]. An 
alternative time domain measurement is RVM [6, 7]. It is suggested that the central 
time constant in RVM results is an indicator of moisture content and the ageing 
condition of the insulation system [6]. On the other hand, the FDS is a measurement 
of the dissipation factor and complex capacitance of the insulation system over a 
wide frequency band [1]. It has been proven that the dielectric response of moisture 
content in paper and interfacial polarisation can be captured within the low frequency 
range of the FDS results [8]. The degradation condition provided by these dielectric 
measurements is one of the important sources for power utilities to make 
maintenance or replacement decisions regarding the transformers [9]. 
The FDS technique is capable of capturing the degradation fingerprints of the 
insulation system within a wide range of frequencies. Compared with time domain 
measurements, FDS is a more straightforward method of measuring the impedance 
of the insulation system without the short or open circuit operations. Moreover, the 
added advantage of FDS is the measurements using the definite frequency excitation, 
such as discrete sinusoidal waves, have a high accuracy to extract the discrete 
frequency dielectric response [10]. 
1.2 RESEARCH PROBLEMS 
Dielectric response measurements for assessing the degradation condition of 
oil-paper insulation systems are one of the promising monitoring techniques to reach 
the goal of CBM. Substantial research works from both laboratory and on-site 
measurements have been carried out to confirm the performance of the dielectric 
response measurements on the oil-paper insulation system degradation assessment [8, 
11, 12]. The basic interpretation of the dielectric response results has also been 
established and verified in recent decades. However, these measurements so far are 
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limited to offline applications and, in terms of offline measurements themselves, the 
understanding of the dielectric responses still has more spaces to explore in order to 
build a direct or easily understood linkage between insulation deteriorating 
phenomena and the existing dielectric response measurements. This thesis is 
primarily focusing on the following problems related to the existing techniques 
aiming to make innovative enhancements on dielectric response measurements. 
1.2.1 Problem relating to online application of dielectric response measurements 
Dielectric response measurements, so far, can only be applied on de-energised 
transformers. The offline measurements have several significant drawbacks. First, 
offline measurement requires transformers to be placed under test shutdown and 
disconnected from the power system for a while, even for days. The consequences of 
the shutdown may make the system more vulnerable to a local failure of the power 
supply, which violates the objective of power companies to maintain high reliability 
of the power system. Second, offline measurements are hardly able to reflect the real 
situation of an oil-paper insulation system because the thermal and electric stresses 
on the insulation system are totally different from an operational transformer and 
those stresses significantly influence the dielectric response results. Third, time 
consumption is another disturbing issue of the dielectric response measurements, 
further increasing the economic losses due to the power outage. Few studies relating 
to online dielectric response measurements have been identified. Therefore, one of 
the major objectives of this research is to enhance the existing method to implement 
the dielectric response measurements online. The principle of the FDS method is 
selected as the suitable method for online measurements. In summary, challenging 
tasks in taking online measurements are as follows: 1) successfully injecting the 
testing signal onto an operational transformer; 2) successfully extracting online 
response results, which may be swamped by noise or split by other components 
which are connected to the power grid; 3) interpreting the online dielectric responses 
under high voltage stresses at power frequency. 
Thus, a neutral injection and measurement system equipped with a high gain 
low-pass filter system was introduced and investigated. Further, transformers with 
different operational ages were selected as test objects for affording adequate 
understanding of dielectric response under an energised condition. 
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1.2.2 Problem relating to measurement of slow polarisation processes from 
offline FDS 
Dielectric response is a resultant reflection of restricted conduction as well as 
polarisation processes of dipoles driven by an external electric field. The polarisation 
mechanisms contribute to generate the major components of the dielectric response. 
The crucial degradation information is associated with the slow polarisation 
responses. For instance, the very low frequency polarisation response is coupled with 
the condition of the solid part of the insulation system, while the response of 
relatively higher frequency is related to the oil condition [8]. The conventional FDS 
dielectric response is dominated by the significant influence of the geometric 
capacitance of the insulation system under test. In other words, the polarisation 
responses are masked by the higher value of the capacitive geometric response. To 
expose the slow polarisation processes during the experimental stage, a bridge circuit 
was designed as the offline diagnostic method with the purpose of cancelling the 
large geometric capacitance effects on dielectric response results. Then, the balanced 
responses measured by the bridge circuit are studied and interpreted in this research. 
1.2.3 Problem of reducing measuring time 
As for an on-site FDS measurement, it takes a long time for offline testing due 
to its complicated measurement arrangement, which includes shutdown of the 
transformers and clearance of dielectric memory and the time of measurement itself. 
Therefore, some researchers exert their efforts on reducing measuring time [13, 14]. 
Recent methods were focusing on signal modification as well as the combination of 
time domain and frequency domain techniques. They were successfully applied on 
the offline FDS measurements utilising Fast Fourier Transform (FFT) to obtain the 
frequency responses. These techniques can only handle a low noise-measuring 
environment and their noise cancellation ability is inadequate when moved to online 
application where the potential noise level will be tremendous. Therefore, a chirp 
waveform is used to decrease the measuring time and the method for extracting 
frequency information from a chirp waveform signal is proposed. 
1.3 RESEARCH METHOD 
The purpose of the research is to develop versatile online insulation diagnostic 
tools to accomplish dielectric response measurements on energised transformer oil-
paper insulation systems and enhance the current offline FDS technique. The online 
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tools should measure the online dielectric response signals and provide users with an 
interpretation of the measured results in order to achieve a comprehensive 
assessment on the degradation level of the insulation system under test. Also, offline 
enhancements are proposed to accentuate components directly related to 
deterioration signatures on the insulation system under test and build an easier 
interpretation of the degradation process. The research involves substantial 
simulations and experimental tasks to verify the availability and validity of the 
proposed methods and enhance the interpretation of the oil-paper insulation dielectric 
response. The research consists of three primary objectives as a whole. Innovations 
and enhancements pertaining to experimental advancements are included in the first 
two objectives while the third is mainly focused on developing the signal processing 
scheme, which is adopted in the experimental techniques to achieve faster and more 
accurate measurements. 
The top priority of the research is to solve the issues relating to the application 
of online dielectric response measurements. There are three chief challenges 
involved. First of all, the common excitation signal injection and response 
measurement points through terminals in the offline FDS measurements need to be 
reconsidered. The selected points should guarantee the normal operation process of a 
transformer while making sure that the measurement of the dielectric response is 
achievable. Neutral connections of a transformer under investigation are chosen as 
the ideal injection as well as measurement points. Secondly, interferences from the 
power network, such as the unbalanced neutral current at power frequency and 
harmonics created by nonlinear electric loads, definitely hamper the measurement of 
the extremely small dielectric response current. A passive as well as active low-pass 
filter system was designed to address this particular issue. The configuration of the 
external network connected with the tested transformer was also investigated to 
clarify the applicable circumstances of the proposed technique. Lastly, three most 
possible waveforms are discussed and compared in order to find a good solution to 
reduce the time for the measurements. A chirp waveform was selected since it 
maintains the sinusoidal characteristics and the sweep time can be reduced according 
to special application purposes. Sufficient experimental works were implemented in 
the thesis to verify the technique and investigate the online dielectric phenomenon. 
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The second objective of the research focuses on extracting the slow 
polarisation processes response of the oil-paper insulation system. It starts with the 
investigation of the role that geometric capacitance plays in the conventional FDS 
measurements. The geometric response tends to cover the important degradation 
information that is related to slow polarisation mechanisms. The phenomenon is 
easily understood with the aid of the insulation equivalent model. In order to expose 
the dielectric responses of polarisation mechanisms, a bridge circuit FDS 
measurement was then put forward with the purpose of balancing the geometric 
response during the measurement stage. The imaginary admittance as the remaining 
response can enhance deteriorating signature of the insulation system under test and 
was proved to have the capability to simplify the system identification process. 
Importantly, the measured slow polarisation responses are regarded as the key factor 
to establish a linkage with the conventional time domain measurements to facilitate 
understanding of the complicated insulation degradation process. Accordingly, the 
measured imaginary admittance can be used to estimate the dielectric responses of 
the conventional time domain measurements (PDC and RVM) with the aid of its 
fitted ‘bump’ dielectric response. Moreover, an adjustable system identification 
process consisting of a simulation path of the transformer model and experimental 
path of real transformers under test is proposed to cancel out the distortions created 
by the fast excitation signal. 
The third method utilised to achieve a faster FDS measurement relies on the 
chirp waveform excitation as well as the designed chirp-matched filter. The 
advantage of using chirp waveform is that the sweep time depends on the 
measurement requirements, which means the time is not fixed as a discrete sinusoidal 
signal. However, the chirp waveform is a non-stationary signal so that using FFT to 
fulfil time domain to frequency domain transformation will introduce large leakage 
errors. A novel transformation algorithm, therefore, is proposed to address the 
problem. This method makes use of the principle of a lock-in amplifier as well as the 
sectioning scheme of the Welch method that is usually adopted for power spectrum 
density estimation. The measuring time can be significantly reduced. 
The above proposed techniques and methods are performed on three 
transformers with different operational ages to examine the proposed techniques 
under more practical circumstances and fulfil the research targets. In addition to 
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frequency domain measurements, PDC measurements are carried out as well to 
demonstrate and evaluate the reliability of tested results from the proposed FDS 
measurements. Oil sample tests are also conducted to further confirm the reliability 
of the experimental results. 
1.4 RESEARCH SIGNIFICANCE 
The main purpose of this research is to develop a comprehensive diagnosis tool 
to assess the degradation level of transformer oil-paper insulation systems in realistic 
systems. The research introduces a promising technique for measuring the dielectric 
responses in an online mode and innovative enhancements are made on offline FDS 
measurements, which afford more direct understanding of the insulation degradation 
process. Further, these techniques benefit from a quick measurement owing to the 
chirp waveform signal application. 
Moving dielectric response measurements from offline to online accords with 
the requirements of the CBM, that is, obtaining the real time condition data from 
equipment under investigation. Owing to this online implementation, the degree of 
maintenance or the need for renewal of a transformer could be determined in a more 
reliable manner, which reflects the real-time insulation condition of the transformers. 
Initial faults tend to be detected in a timely manner so that appropriate relevant 
measures to prevent the expansion of potential failures can be taken by asset owners. 
Consequently, the immense cost of unnecessary maintenance or considerable 
economic losses due to unexpected insulation failures is avoided. Further, continuous 
power supply can be guaranteed during the online measurements. Accordingly, 
customers will benefit from a more satisfactory service afforded by power utilities. 
The offline FDS conducted by the bridge circuit facilitates in identifying the 
dominant polarisation mechanisms occurring in the deterioration process regardless 
of its geometric influence. The balanced imaginary admittance response enables a 
clear and transparent interpretation of complex insulation degradation with the 
assistance of basic equivalent model knowledge. Further, correlation between time 
domain measurements (RVM and PDC) can be easily established through scaling 
this frequency domain imaginary admittance or simulation works using the fitted 
model of the balanced response. 
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The application of the chirp waveform excitation noticeably boosts the 
efficiency of FDS measurements, especially for obtaining the very low frequency 
dielectric response. A faster condition assessment is possible through the chirp-
matched filter processing without losing any significant information for the proper 
diagnosis. 
1.5 THESIS OUTLINE 
The remainder of the thesis is structured as follows: 
Chapter 2 presents a comprehensive overview of the current literature on oil-
paper insulation systems as well as fundamental knowledge concerning dielectric 
response and its measurements, which are regarded as the theoretical basis for the 
following chapters. Further, a summary of findings on the existing online techniques 
is the following content in the chapter. Research motivations as well as possible 
methodology are highlighted in the chapter as well. 
Chapter 3 is mainly concentrated on analysing and describing detailed 
techniques proposed for the research. The first part of the chapter focuses on the 
innovative techniques utilised to achieve the online FDS. Practical solutions 
precisely aimed at the online challenges are carefully developed. The following part 
is dedicated to introducing the principle of the bridge circuit offline FDS 
measurements. The benefits of the response obtained from the advanced 
measurements are also presented. The third part of this chapter contains the proposed 
signal processing method of the chirp-matched filter. The last past highlights the 
unique system identification process to extract the dielectric equivalent model 
according to experimental results. 
Chapter 4 focuses on two parts. The first part presents substantial simulation 
works primarily concentrating on exploring the performance of the chirp-matched 
filter, which builds a thorough basis for the experimental applications and provides 
added understanding of the principle of the chirp signal processing method. The 
second part affords verified evidence and simulating preparations for the proposed 
techniques that will be applied on the experiments in the following chapter.  
Chapter 5 presents all the experimental results and essential conclusions 
obtained from the experimental works. Measurements are described in order to form 
logical connections among each other. The results are evaluated and confirmed with 
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each other to guarantee the reliability and availability of the former proposed online 
as well as offline techniques. 
Finally, chapter 6 gives a summary and conclusions as well as future directions 
of the research. 
The linkage between the above-organised contents in this thesis and research 
innovations is displayed in Fig.1.1. 
 
Fig.1.1 Structural map of this research 
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Chapter 2: Literature Review 
This chapter provides an overview of the current literature on diagnostic 
techniques used for assessing the condition of power transformers, focusing 
specifically on dielectric response measurements applied on the oil-paper insulation 
system. The first part of the chapter covers thorough investigations on oil-paper 
insulation degradation. The major contributing factors for insulation degradation are 
identified based on the summary of the existing publications. The second part of this 
chapter contains theoretical fundamentals of dielectric response of the oil-paper 
insulation system including nonlinear dielectric response investigations. The 
dielectric response measurements are highlighted in the third part of this chapter. The 
main argument presented in this section suggests that FDS measurements can be 
improved for online application. The discussion covering different existing online 
techniques applied on power transformers is presented in section 2.4. Critical 
considerations on online techniques are summarised as significant references for the 
development of online diagnostic tools in the thesis. Finally, section 2.5 highlights 
the implications from the literature and develops the conceptual framework for the 
study. 
2.1 POWER TRANSFORMER INSULATION SYSTEM DEGRADATION 
PROCESS 
Insulation system condition assessment for large oil filled transformers is an 
essential task for power utilities since transformers are expensive and strategic 
components in a power system, and a transformer’s service life is largely dependent 
on its insulation condition. The aged cellulose insulation part will no longer sustain 
the mechanical stresses of a fault since the tensile strength of aged paper is 
considerably reduced when paper becomes brittle and may cause inter-turn short 
circuit or even more severe winding failures. Ageing of oil and cellulose causes gas 
evolution as well as partial discharge [15]. The whole insulation degradation 
procedure is complicated and slow, which involves complex chemical reactions 
developing with the continuous thermal and electrical stresses from the operational 
environment. The diagnostic techniques adopted to evaluate the degradation status of 
the insulation system rely on detecting the electrical, dielectric or chemical indicators 
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or responses corresponding to the deterioration stages [1, 3]. The following part of 
this section focuses on the insulation deterioration phenomenon as well as significant 
degradation indicators used to interpret the oil-paper insulation system diagnostic 
techniques. 
2.1.1 Liquid insulation degradation 
Mineral insulating oil, which is made by refining crude oil, is the substance 
most commonly used as liquid dielectrics in power transformers [16]. It is mainly a 
mixture of hydrocarbon compounds with three classes: alkanes, naphthenes, and 
aromatic hydrocarbons [17]. Insulating oil is used to isolate the air and moisture in 
the external environment from entering into solid insulation and acts as a coolant in 
the transformer insulation system. New oil is a pale yellow, transparent without any 
visible particles suspended, while aged oil is a brownish or black tint with sludge. In 
terms of new oil, there are criteria for the chemical, electrical and physical 
characteristics of the oil produced by each manufacturer. Such requirements are 
listed in Table 2.1. During the inevitable and irreversible degradation process 
occurring in the transformer oil, its electrical, chemical and physical properties tend 
to be changed considerably. 
A. Electrical Characteristics: 
Breakdown voltage 
Many factors, such as electrode area, gap spacing and oil quality, influence the 
breakdown voltage of oil. Early experiments in [18] investigated the spark 
conditioning, oil quality, gap spacing and electrode area effects on breakdown 
voltage. According to the results, impurities produced during the ageing in general 
lowered the breakdown strength of oil. Farooq in [19] discussed the effects of 
moisture, particles and the effects from both on dielectric strength. The dielectric 
strength declined with increasing water content [20]. In addition, dielectric strength 
reduces as the number of particles per unit volume of the oil increases. The similar 
results on the relation that oil breakdown voltage decreases gradually with thermally 
ageing effects that caused the increment of water content and the presence of sludge 
can be found in [21]. Moreover, the correlation between water content and 
breakdown voltage was investigated in the research of Kohtoh et al. [22], who 
carried out substantive experimental works on oil samples collected from 98 
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transformers and the results showed that water contents at exceedingly low level in 
the tested oil samples had little influence on breakdown voltage.  
Volume resistivity 
Volume resistivity is a measure of the resistance of a given material to the flow 
of electric current and is associated with the behaviours of electric charges. It is 
generally acknowledged that volume resistivity of mineral oil tends to decrease 
during the ageing process with the presence of moisture, acidity and suspended 
particles of dust or fibre and bubbles [18, 19, 23]. One example to illustrate the 
effects of the impurity materials is the appearance of copper ions, which is produced 
by the interaction of copper with acids, oxygen, moisture and corrosive sulphur in oil 
[24]. The conductive particle results in a remarkable decline in volume resistance 
[25]. 
Dielectric loss tangent 
Dielectric loss tangent tanδ , also called the dissipation factor, is the ratio 
between resistive losses and capacitive losses of insulation materials [16]. This 
definition is based on the traditional RC (Resistor Capacitor) network, which is used 
to model the behaviours of dielectrics. The dissipation angle δ is the phase shift 
between the resultant current and the imaginary current of the RC model. It is used to 
describe the deviation of the insulation material from an ideal capacitance, where the 
angle should be 0o [26]. The dissipation factor is sensitive to temperature, moisture 
content and electric field. The augmentation of dissipation factor and reduction of 
volume resistivity as insulation gets degraded are affected by the same mechanism, 
that is, leakage current [17, 27]. 
B. Chemical Characteristics: 
Total acid value 
The deterioration of mineral oil is mainly due to the oxidation process [28, 29]. 
Once any inhibitor has been consumed the oxygen and oil hydrocarbons react 
forming mangy compounds, some of which are acidic. This process is accelerated by 
the presence of copper acting as catalysts [16, 30]. Acid is one of the significant 
products of oxidation since oxidation degradation gives rise to the amount of acid in 
transformer oil, especially at the end of the stage of oxidation.  Moreover, total acid 
values tend to rise according to the series tests in [22, 27, 31]. 
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Water content 
During the oxidation of transformer oil, hydrogen from the oil and oxygen 
from the air generate water. Compared to cellulose, insulation oil has a low affinity 
for moisture. Moisture in oil is proportional to the relative saturation. Water can exist 
in transformer oil in three states [32, 33]: dissolved state (most); tightly bounded to 
the oil molecules; or as free water if the moisture in oil exceeds the saturation value. 
This free water will be formed as drops and provide easy breakdown paths for 
electrical discharges [34]. The manifest effect of the presence of water in oil is to 
increase oil conductivity [17]. In an oil-cellulose system, at a steady temperature, 
water will reach an equilibrium partition between the oil and cellulose. However, the 
time taken for the equilibrium to occur is very long, much longer than the 24-hour 
temperature cycle associated with a normally operating transformer [32]. The 
equilibrium partition can never be attained completely in a transformer due to the 
rate at which the transformer changes temperature is much faster. As the temperature 
increases the cellulose desorbs water. This water is released into the oil, in which it 
dissolves [35]. On the other hand, when temperature drops, water returns to the paper 
[32].  In terms of oil itself, the water content has a tendency to increase with thermal 
ageing [21]. 
C. Physical Characteristics: 
Kinetic viscosity 
Kinetic viscosity is a measure of the resistance of a liquid to flow: the ratio of 
shear stress to shear rate. Generally, the viscosity of a mixture increases as the 
molecular sizes and molecular weights of compounds in the ensemble increase [17]. 
In terms of transformer oil, the variation of viscosity with increasing ageing depends 
on voltage class and oil quality and there is no certain trend [22]. 
Flash point 
Flash point is another crucial physical characteristic of mineral oil. It is 
desirable that the flash point of oil has a high value. It has a decreasing trend with 
insulation ageing [36]. However, according to [22], there is no evident change for 
voltage class lower than 500 kV. 
Interfacial tension 
Interfacial tension refers to the tension reserved for liquid to liquid, liquid to 
gas, and liquid to solid boundary. Interfacial tensions tend to drop with increasing 
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age [22], but there is no evident change for voltage class lower than 500 kV. Organic 
acids can contribute to a reduction in interfacial tension [17]. The greater 
concentration of contaminants will lead to lower tension [37]. Therefore, the higher 
the volume resistivity, the higher the interfacial tensions, showing a good correlation 
[22]. 
Table 2.1 Oil characteristics variations with its degradation 
Characteristics Item 
Reference acceptance 
value*[22] 
Ageing influence reported in 
the literature 
Expected Tested 
Electrical 
Breakdown 
voltage 
30 kV/2.5 mm ↓* 
↓[18, 19, 21, 36], --
[22] 
Volume resistivity 5.0 × 10
13 Ωcm ↓ ↓[22, 24, 36] 
Dielectric loss 
tangent at power 
frequency 
0.5% or less ↑ ↑[17, 22, 24] 
Chemical 
Total acid value 0.03 mgKOH/g or less ↑ ↑[22, 27, 31] 
Water content 30 ppm or less ↑ --[22], ↑[21] 
Physical 
Kinetic viscosity 
Class III: 3.5 cSt or less 
(40 °C) 
↑ 
-- [21]or ↓ for 
different voltage 
class [22] 
Flash point Class III: 95 °C or more ↓ ↓[36] or --[22] 
Interfacial tension 40 dyne/cm or more ↓ ↓[22, 37] 
*the acceptance value will be different 
 ‘↑’ represents increment with oil deterioration; ‘↓’ means reduction; ‘--’ illustrates no evident changes. 
To sum up, electrical, chemical and physical characteristics tend to vary with 
oil degradation. Some of them are sensitive to ageing deterioration, thus certain trend 
can be identified, which are suitable to serve as degradation indicators of mineral oil, 
such as volume resistivity and dielectric loss tangent. Table 2.1 above lists all the 
characteristics discussed. 
2.1.2 Solid insulation degradation 
The solid part in oil filled insulation systems refers to cellulosic insulation 
made from wood pulp processed by the kraft chemical process [38]. Cellulose is a 
polymer of glucose units linked to one another in a special manner, shown in Fig.2.1, 
represented simply as [C5H10O5]n, where n is the degree of polymerization (DP). 
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The solid insulation is used to support as well as insulate the coils and windings, 
which is the main body of HV and LV-insulation and support structures, winding 
tubes, spacer blocks, and formed items for end closing. Cellulosic paper and 
pressboard (paper < 0.8 mm thick whereas pressboard > 0.8 mm thick [16]) are two 
chief  forms used in a transformer oil-paper insulation system. The paper wraps 
around a copper conductor to separate each coil of the whole winding while the 
pressboard usually serves as strong support items, such as spacer blocks and 
laminated blocks [38]. Importantly, the degradation of cellulosic materials 
determines the life of a transformer because they cannot be replaced even if the 
characteristics are deteriorated due to ageing. 
 
Fig.2.1 Cellulose polymer 
A new cellulosic insulation system has desirable electrical, thermal and 
mechanical properties and is more economical and easier to manufacture than other 
materials. However, the solid insulation system inevitably undergoes slow 
deterioration due to the complicated degradation mechanisms, such as thermal, 
hydrolytic as well as oxidation effects, which are illustrated in Fig.2.2. During the 
degradation process, cellulose forms smaller chains during depolymerisation 
reducing its dielectric and mechanical strength. This depolymerisation is caused by 
scission of high-molecular-weight cellulose chains. The consequence of this scission 
is the cellulose fibre becomes thinner and shorter, and the surface of the fibre gets 
rougher and some cracks appear with the increase of the ageing time [9] and this 
phenomenon can be illustrated in Figure 6 in [9]. Due to the scission of the cellulose 
main chains, the DP value tends to reduce considerably from an initial value of 1100 
or 1200 to 200. And as the DP falls the paper’s tensile strength decreases to the point 
when the paper is brittle and can fall off from the conductor, which indicates the 
ageing of cellulose [39, 40]. If paper or pressboard can be sampled from the 
transformer insulation system, the DP value can be measured, which is a reliable 
indicator for assessing cellulosic degradation level. However, sampling the cellulose 
part from the insulation system directly is impractical and destructive in most cases. 
Therefore, indirect methods are adopted to evaluate the condition of the cellulose 
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part. As illustrated in Fig.2.2, furans are produced as intermediate products of paper 
degradation and can be identified and quantified in insulation oils of operational 
transformers by using high-performance liquid chromatography [41]. Specifically, 
the concentration of 2 FAL, the main component of furans, is used to correlate to the 
DP value of paper [42]. Many mathematical formulas are established to describe the 
relationship between these two parameters [43]. Therefore, the DP value can be 
estimated through a concentration test of 2 FAL, which avoids destroying the 
integrity of the insulation system to obtain the cellulose strips. Further, as cellulosic 
deterioration gets worse, ultimate products such as CO, CO2 as well as moisture are 
formed. Dissolved gas analysis (DGA) is then used to detect the distribution of the 
gases for electrical incipient faults determination [44]. 
 
Fig.2.2 Paper degradation mechanisms 
Moreover, cellulose degrades with the rise of moisture and acids level [45]. 
The most severe level of degradation due to moisture is the bubble formation when 
the vapour pressure created by the moisture in the paper exceed the sum of the 
hydrostatic and atmospheric pressure of the oil at the location of the bubble [46]. If 
the bubbles form ‘a bridge’ through electrodes, breakdown may occur in this bridge 
path, resulting in long-term outage with huge economic losses or serious casualties. 
This is so called bubble effect [47]. 
Water in cellulosic insulation systems exists as free water and strong hydrogen 
bond water [48]. Due to its hygroscopic property, dry paper can absorb a 
considerable amount of moisture and more than 99% of the moisture content in an 
oil-paper insulation system resides in cellulose [43]. Once moisture is absorbed, it is 
difficult to dry out from cellulose due to the presence of oil. The water content can be 
measured by techniques such as Karl Fischer titration [49]. However, a significant 
problem is that it is not usually practicable to extract a sample from a transformer. In 
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addition, dielectric response measurements such as FDS and RVM are sensitive to 
the moisture content [50]. 
2.1.3 Oil-paper insulation system degradation 
The oil-paper insulation system is made up of cellulose, such as the porous 
papers, pressed boards, and wooden parts, embedded with mineral oil which acts as 
insulation and coolant. Oil-impregnated paper eliminates air and increases its 
dielectric strength. Once the transformer is connected with the external power 
network, the oil-paper insulation system is subjected to electrical and thermal 
stresses and starts a slow but irreversible deterioration process.  
 
Fig.2.3 Main degradation reactions in oil-paper insulation system 
Fig.2.3 summarises the primary procedures of deterioration occurring in the 
oil-paper insulation system [51], in which oxidation and hydrolysis are exerting 
combined effects onto the insulation system and lead to a continuous ageing process 
with major products. With respect to an oil-paper insulation system as a whole, 
temperature, moisture level and oxygen are identified as leading factors of insulation 
degradation.  
Temperature 
The role of Heat is to increase the rate of oxidation and hydrolysis. The rise of 
temperature in an insulation system can primarily result from increasing load to or 
over its nominal value as well as a fault occurrence, such as partial discharge, arcing 
or short circuit. Degradation reactions, such as oxidation and hydrolysis, are 
accelerated as the temperature rises. Further, according to Arrhenius relationship, 
transformer life can be decreased by half for every 6 °C to 7 °C rise in temperature in 
the hot spot temperature range of 80 °C to 100 °C [43]. Moreover, the moisture 
migration process between oil and cellulose insulation is dependent on the 
temperature variations. Therefore, maintaining a transformer’s temperature (in both 
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oil and windings) within a safe range contributes to expanding the transformer’s 
service life. 
Moisture content 
The presence of moisture exerts detrimental effects on the life expectancy of 
transformers, because moisture decreases the dielectric withstand strength, 
accelerates cellulose decomposition, causes the emission of bubbles at high 
temperatures and reduces the partial discharge inception voltage and results in an 
increased risk of dielectric breakdown [52, 53]. When a transformer begins operation, 
the moisture content is usually < 0.5%, but it can reach 4% to 8% at the end of its life. 
The sources of moisture content in insulation systems are [52]: 
1. Moisture remains absorbed in the solid insulation due to inadequate 
factory drying out process, 
2. Moisture enters transformer tank through leaks, 
3. Water is generated as the cellulose ages, 
4. Faulty ventilation is a ready source of moisture, 
The moisture distribution between oil and cellulose is a complicated and 
dynamic process. The absorption and desorption of water in oil depends on the 
differences in the vapour pressure. Water migrates from high to low regions of 
vapour pressure [54]. The process of water desorption from paper to oil is faster than 
the reabsorption of water by the paper. In other words, greater water diffusion ability 
exists in oil than in cellulose [55]. The process of moisture migration continues all 
the time during transformer operation. Therefore, estimating moisture in [33, 56, 57] 
in cellulose by measuring moisture content in oil according to oil-paper moisture 
equilibrium curves hardly delivers accurate results if the time for water to reach 
equilibrium between oil and paper is insufficient [32]. 
Oxygen 
The introduction of oxygen accelerates insulation degradation due to oxidation 
occurring in oil and cellulose. Oxygen reacts with cellulose to produce carbon 
dioxide (sufficient oxygen supply), moisture and carbon monoxide (insufficient 
oxygen supply). Also, insulating oil is subjected to an oxidation process. In addition 
to carbon dioxide and moisture, by-products, such as alcohols, aldehydes, ketones, 
peroxides and acids, are formed in oil [58]. These contaminants increase the 
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insulation’s conductivity and contribute to promoting the insulation degradation 
reactions. Therefore, controlling the oxygen concentration is of great importance to 
reduce the oxidative ageing. 
2.2 DIELECTRIC RESPONSE OF OIL-PAPER INSULATION SYSTEM 
2.2.1 Basic theory of dielectric response 
A. Dipole and dipole moment 
Insulators used to prevent the flow of current with the maximum resistance are 
dielectrics. Compared with conductors, dielectrics feature relative shift or 
displacement of the positive and negative charges when subjected to an electric field 
instead of motion of free charges in conductors [10]. The positive and negative 
charges in dielectrics are bounded with each other and can only be separated by a 
finite distance. A pair of equal and opposite charges ± q situated within a finite 
distance lcreate a dipole moment μ, which can be written as below [59]: 
𝜇 = 𝑞 × 𝑙 
(1) 
A dipole represents charges which are not capable of being separated beyond 
the distance l which may be fixed by its strong intermolecular interactions, called a 
permanent dipole, or be related to the magnitude of the locally prevailing electric 
field, called an induced dipole [10].  
B. Dielectric polarisation 
Dielectric response is concerned with the microscopic mechanisms of the 
dielectric dipoles under electric fields. These mechanisms are associated with 
dielectric polarisation, which is used to describe the relative shift of the positive and 
negative charges in dielectrics. The definition of polarisation in [10] is the dipole 
moment per unit volume and is equal to charge density at external boundaries arising 
from a finite displacement of charges in a steady electric field. Accordingly, the 
polarisation𝑃 is expressed as: 
𝑃 =
𝜇
𝐴𝑑
= 𝜀0𝜒𝐸 (2) 
where 𝜇  denotes the dipole moment; 𝐴  is the area of the parallel electrodes; 𝑑 
represents the distance between the two electrodes; 𝐸 is the electric field subjected to 
the electrodes; 𝜀0 is the permittivity of free space; 𝜒 represents the susceptibility. 
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Dielectric polarisation can be classified into electric polarisation, ionic 
polarisation, orientational and interfacial polarisation as well as trapping and hopping 
of charge carriers [1, 59]. Macroscopic polarisation of a dielectric or a composite 
dielectric is the resultant correspondence of the polarisation mechanisms. We are 
mainly focusing on orientational and interfacial polarisation in this thesis, especially 
coupled with the dielectric response in an oil-paper insulation system. Polarisation 
occurs within the molecules of a dielectric and may cause chemical change or 
deterioration of the material [60]. 
Orientational polarisation 
Orientational or dipolar polarisation results from a permanent dipole, such as 
water molecules. A water molecule has a dipolar character which means the centres 
of gravity of the positive and negative charges do not coincide due to its direction of 
electrons within angle 104.5º and the unequal electron sharing between H and O [61]. 
The separation between positive and negative charges is created by geometry. The 
molecular structure is illustrated in Fig.2.4. A polar molecule tends to be polarised 
with partial reorientation when an electric field is applied. The phenomenon is 
illustrated in Fig.2.5. The time required for this polarisation is about 10−10~10−2 
seconds [62]. This polarisation causes energy losses, which are regarded as 
polarisation losses.  
 
Fig.2.4 Water molecule as a permanent dipole 
 
Fig.2.5 Orientations of permanent dipoles 
Interfacial polarisation 
Interfacial or space charge polarisation arises as a result of accumulation of 
charges locally on the interfaces of the different materials due to dissimilarities in 
their conductivity and permittivity [63]. In [1], Zaengl mentioned that interfacial 
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polarisation is predominantly effective in composite dielectric materials such as oil-
paper insulation systems. Under an electric field, mobile positive and negative 
charges become deposited on the interfaces of different materials, also forming some 
kinds of dipoles [1]. The equivalent capacitance increases due to the charge 
deposition. This polarisation leads to energy losses as well. According to the 
literature such as [64, 65], interfacial phenomena dominate at very low frequency 
(from 10−1 Hz to 102 Hz or even lower dependent on the dielectric properties). 
Conduction in a dielectric is often due to the presence of impurities or 
contaminants [60]. The dielectric response is raised by the coexisting polarisation 
mechanisms of materials and conduction behaviour. The response is detectable and 
can be quantified by means of dielectric response measurements, which consist of 
time domain and frequency domain measurements. 
C. Dielectric response in time domain 
When dielectric materials situated between electrodes are subjected with time-
dependent driving field E(t), the charges induced at the electrodes are given by the 
superposition effects of an instantaneous free space contribution and the delayed 
material polarisations [10]. The electric displacement (or ‘dielectric flux density’ or 
‘electrical induction’) D(t) induced by the field E(t) is written as: 
𝐷(𝑡) = 𝜀0𝐸(𝑡) + 𝑃(𝑡) = 𝜀0(1 + 𝜒)𝐸(𝑡) (3) 
 With respect to the polarisation processes mentioned above, different 
polarisation mechanisms have different response times corresponding to the time-
dependent driving field. They are delayed compared with the instantaneous response. 
In order to describe the time-dependent dielectric response, the dielectric function 
f(t)  is introduced in [10] and polarisation corresponding to specified electric 
excitations is formulated in equation (4): 
𝑃(𝑡) = 𝜀0∫ 𝑓(𝜏)𝐸(𝑡 − 𝜏)𝑑𝜏
∞
0
 
(4) 
Therefore, the total current J(t) density generated by E(t) can be written as 
equation (5) [66], which is measured through time domain dielectric response 
measurement, such as Polarisation and Depolarisation Current measurement (PDC) 
[4].  
𝐽(𝑡) = 𝜎0𝐸(𝑡) +
𝑑𝐷(𝑡)
𝑑𝑡
= 𝜎0𝐸(𝑡) + 𝜀0
𝑑𝐸(𝑡)
𝑑𝑡
+ 𝜀0
𝑑
𝑑𝑡
∫ 𝑓(𝜏)𝐸(𝑡 − 𝜏)𝑑𝜏
𝑡
0
 
(5) 
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where 𝜎0 represents a comprehensive conductivity. 
D. Dielectric response in frequency domain 
From the mathematical point of view, frequency domain dielectric response is 
the Fourier Transformation of its time domain response [10, 67]. Therefore, the 
expression in (6) can be rewritten as: 
𝐽(𝜔) = 𝜎0𝐸(𝜔) + 𝑖𝜔𝜀0𝐸(𝜔) + 𝑖𝜔𝜀0𝐹(𝜔)𝐸(𝜔) (6) 
𝐹(𝜔) = ∫ 𝑓(𝑡)𝑒𝑥𝑝(−𝑖𝜔𝑡)𝑑𝑡 = 𝜒(𝜔)
∞
0
 
(7) 
Here 𝑖𝜔 is complex frequency and 𝑖 = √−1; 𝜒(𝜔) denotes complex susceptibility 
and has the expression (8). 
𝜒∗(𝜔) = 𝜒′(𝜔) − 𝑖𝜒′′(𝜔) 
(8) 
where χ′(ω), in phase with applied electric field, is the real part of susceptibility 
while χ′′(ω) , in quadrature with applied electric field, is the imaginary part of 
susceptibility. 
Complex dielectric permittivity is represented by complex susceptibility by 
equation (9). 
𝜀∗(𝜔) = 𝜀′(𝜔) − 𝑖𝜀′′(𝜔)=(1+𝜒′(𝜔)) −𝑖𝜒′′(𝜔) 
(9) 
E. Equivalent model of an oil-paper insulation system 
With respect to the dielectric measurements, it is usual to arrange the dielectric 
samples under test filling between two metallic or otherwise conducting plates to 
form a capacitor [10]. Its capacitance C can be defined as the ratio of the total charge 
Q induced on the plates to the applied voltage V, written in (10). 
𝐶 =
𝑄
𝑉
 (10) 
𝑄 = 𝐴𝐷 = 𝐴𝜀𝐸 =
𝜀𝐴𝑉
𝑑
 (11) 
where 𝐴 and 𝑑 are defined the same as equation (2); 𝜀 is the permittivity of the 
dielectric material; 𝐷 is the electrical induction defined in equation (3).  
According to equations (10) and (11), the capacitance can be given as below: 
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𝐶 =
𝜀𝐴
𝑑
 (12) 
The capacitance has a complex form if the external excitation is an alternating 
signal at an angular frequency ω and the capacitance corresponds directly to the 
complex permittivity represented in equation (9). 
𝐶∗(𝜔) = 𝐶′(𝜔) − 𝑖𝐶′′(𝜔) =
𝐴(𝜀′(𝜔) − 𝑖𝜀′′(𝜔))
𝑑
 (13) 
Here, C′(ω)  is the real part of the complex capacitance representing ordinary 
capacitive response and C′′(ω)  is the imaginary part coupled with the dielectric 
losses. 
The capacitance used in dielectrics has capacitive as well as loss components. 
Therefore, a real dielectric can be modelled by an ideal capacitor in series with a 
resistor or alternatively an ideal capacitor in parallel with a resistance. The series 
combination is illustrated in  Fig.2.6 [10]. This simple circuit reflects the losses 
consisting of conductivity and polarisation loss under alternating fields, and a current 
(I(ω) in  Fig.2.6) flows through the circuit with a certain dissipation angle δ, which 
is defined as the angle between the total current and the Y (imaginary) axis. 
 
 Fig.2.6 RC series circuit 
When a RC series circuit is subjected to an alternative voltage V(ω) , the 
admittance can be expressed as: 
𝑌(𝜔) = 𝑖𝜔𝐶
1 − 𝑖𝜔𝜏
1 + 𝜔2𝜏2
 
(14) 
Where 𝜏 = 𝑅𝐶  represents the time constant of the series circuit. The figure of 
complex impedance as well as admittance of an RC series circuit corresponding to 
frequencies can be seen in Fig.2.7 [10]. (The arrow in red illustrates the increment of 
the frequency.) 
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Fig.2.7 Complex impedance and admittance vector 
In view of an oil-paper insulation system, the Extended Debye Model used to 
describe its dielectric polarisation as well as conduction behaviours is shown in 
Fig.2.8 [1, 68]. 
 
Fig.2.8 Equivalent circuit of a multilayer oil-paper insulation system 
This model consists of RiCi  (i=1~n) series circuit in a parallel arrangement. 
These RiCi pairs are modelled as dipoles participating in polarisation processes and 
representing the non-instantaneous components of polarisation process located in 
different parts in an oil-paper insulation system [5, 69]. The polarisation processes of 
dipoles are activated to produce different polarisation mechanisms, such as 
orientational and interfacial polarisation, in the presence of an external electric field 
[1]. When the field is removed, the dipoles relax and then return to the original state 
[69]. The energy stored in capacitor Ci is then discharged through the resistor Ri as 
ohmic loss. Various parts of the insulation have their own unique relaxation 
characteristics since the response time of different kinds of dipoles depends on the 
configuration of neighbouring molecules or the friction from the surrounding 
environment. In the equivalent model, the corresponding time response is given by 
time constant 𝜏𝑖 = RiCi . A large time constant RiCi  branch is associated with the 
response of condition of the cellulose part while small time constant is related to the 
condition of the oil part [68]. C0 and R0  represent geometric capacitance and 
insulation resistance of the insulation system, respectively. C0 is associated with the 
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instantaneous charging process due to the application of an electric field while R0 is 
coupled with free charge conduction process and represents the overall status of the 
insulation. Therefore, the inherent dielectric behaviour or the dielectric response can 
be interpreted with the assistance of the equivalent model. 
2.2.2 Nonlinear dielectric phenomenon 
Nonlinearity of the dielectric response appears if the dielectrics are subjected to 
an adequately high electric field [70]. Hence, special cautions are mentioned in 
studies to keep the field strength lower than 10 V/mm (voltage below 500 V) to 
avoid nonlinear responses occurring in the dielectric response measurements [71-73]. 
However, considering an energised condition, the insulation under test is inevitably 
subjected to the high voltage electric field at power frequency as well as the 
excitation signal electric field from online FDS tests. In other words, the online 
dielectric response measurements invariably make the test objects suffer from the 
combination of stresses due to the high voltage and measurement voltage. Therefore, 
it is expected that nonlinear phenomena will be excited from the complex voltage 
stresses.  
In [70], nonlinear phenomena of cable dielectrics as exponential increase in 
conductivity were investigated at a higher electric field. The nonlinear relation 
between conductivity and electric field is formulated as well. Nonlinearity associated 
with harmonics responses are also observed and studied by researchers. Jonscher 
mentioned this kind of phenomenon as hyperpolarisation [10]. The nonlinear 
mechanisms due to hyper polarisation were further explored in [74] by using a 
custom-designed AC susceptometer.  Moreover, Obrzut in [75] found that the 
impedance of glass-fibre epoxy resin laminates decreased continuously with the 
increasing voltage. The reason for the drop manifested by a large third-harmonic 
response was believed to be polarisation reversal of the high-k filler. As for the 
nonlinear frequency properties relating to oil-paper insulation systems, several 
studies can be found. In [72], the Garton effect [76] was used to explain the nonlinear 
phenomenon observed in offline FDS measurements. Nonlinear behaviour was also 
studied in [77] when the insulation system was subjected to voltage from 20 V to 1.4 
kVrms. Slight increment of imaginary admittance responses was observed in FDS 
measurements. The author concluded that the nonlinear behaviour might exist at low 
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frequencies and the frequency nonlinear response was smaller than one presented in 
PDC measurements. 
Above all, the nonlinear phenomenon of dielectrics is still not fully understood. 
According to study of the relevant references, the presence of power frequency of the 
high level electric field has the potential to excite nonlinearity in the dielectric 
response when the insulation system is energised during online measurements. 
Although a limited number of studies have reported the low frequency nonlinear 
dielectric response of oil-paper insulation system under the combined electric fields, 
the nonlinear phenomena, such as the minor increment of conductivity, are expected 
be observed in this study. Moreover, this research is primarily concentrating on the 
nonlinearity resulting from the low frequency band associated with the injected 
signal in the measurements instead of harmonic responses in higher frequency. The 
evident reason is that the network is full of harmonics from different sources, which 
makes obtaining of the dielectric response unattainable.  
2.3 DIELECTRIC RESPONSE MEASUREMENTS 
Dielectric response measurements have been developed since the 1900s and are 
used to capture the changes of the dielectric properties of the insulation system. They 
can primarily identify the global changes of the insulation instead of localised defects 
that rely on other specific measurements, such as Partial Discharge or Frequency 
Response Analysis [78, 79]. In total, the dielectric response is mainly produced by 
conductivity, instantaneous as well as non-instantaneous polarisation processes. 
Dielectric responses in either time or frequency domains are influenced by many 
factors, such as the temperature [80], moisture content [4, 81], ageing contaminants 
[9, 12], the structure of the insulation system [8, 82]. 
2.3.1 Frequency Domain Spectroscopy 
The conventional offline Frequency Domain Spectroscopy (FDS) method uses 
a measurement of the dissipation factor tanδ(ω) and complex capacitance C∗(ω) of 
the insulation system within a frequency band from 10−4 Hz to 103 Hz [1]. FDS can 
be done by injecting a sequence of discrete sinusoidal waveform voltage with 
discrete frequencies onto a de-energised transformer through the shorted HV or LV 
terminals and measuring the response current through the shorted LV or HV 
terminals, illustrated in Fig.2.9. The primary winding and secondary winding act as 
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two parallel electrodes separated by the oil-paper insulation system under test. The 
whole structure can be seen as a big capacitor. When a sinusoidal excitation Vs(ω) is 
applied onto an insulation system, fast and slow polarisation processes in the 
insulation can be measured by obtaining the response current induced by the 
excitation. The electric displacement is corresponding to instantaneous charges 
induced at the electrode surface and inherent dielectric polarisation processes [5, 44].  
 
Fig.2.9 The conventional FDS measurement set-up 
The total current density J(ω) due to an electric field E(ω) can be described in 
equation (15) [1]. The current density consists of the DC conduction component 
generated by the movement of the free charges in dielectric as well as the 
displacement generated by the induced polarisation mechanisms. 
𝐽(𝜔) = 𝜎0𝐸(𝜔)⏟    
𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡
+ 𝑗𝜀0𝐸(𝜔) + 𝑗𝜀0𝜔𝑃(𝜔)𝐸(𝜔)⏟                
𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡
 
(15) 
     = 𝑗𝜔𝜀0 [1 + 𝜒
′(𝜔) − 𝑗 {
𝜎0
𝜀0𝜔
+ 𝜒′′(𝜔)}] 𝐸(𝜔) 
(16) 
                               = jω𝜀0{𝜀
′(𝜔) − 𝑗𝜀′′(𝜔)}𝐸(𝜔) 
(17) 
                               = jω𝜀0𝜀
∗(𝜔)𝐸(𝜔) 
(18) 
where ε0 is the permittivity of free space; ε
∗(ω) is the frequency-dependent complex 
permittivity, which is associated with the dielectric properties; ε′(ω) = 1 + χ′(ω), 
which is in-quadrature with E(ω), is capacitive component of the current. ε′′(ω), in 
phase with E(ω), represents the losses in dielectric. σ0/(ε0ω) is associated with the 
ohmic losses due to free charge movement in the dielectric substance.  χ′′(ω) 
corresponds to the dielectric losses. σ0 is DC conductivity. 
According to equation (13), the current passing through the insulation system 
can be expressed below, 
𝐼𝑜𝑢𝑡(𝜔) = jω{𝐶
′(𝜔) − 𝑗𝐶′′(𝜔)}𝑉𝑠(𝜔)  
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                                                        =  jω𝐶∗(𝜔)𝑉𝑠(𝜔) (19) 
                                                        = Y(𝜔)𝑉𝑠(𝜔)  
Therefore, the degradation condition of oil-paper insulation system can be 
assessed by measuring the current response under a frequency-dependent electrical 
field. Dissipation factor tanδ(ω)as well as complex permittivity ε∗(ω) or complex 
capacitance C∗(ω) are the three common indicators used to interpret the deterioration 
level of the insulation system under test. Spectrum of tanδ(ω) can be expressed as: 
t𝑎𝑛𝛿(𝜔) =
𝑟𝑒𝑎𝑙 𝑝𝑎𝑟𝑡 𝑜𝑓 𝑌(𝜔)𝑜𝑟 𝑍(𝜔)
𝑖𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦 𝑝𝑎𝑟𝑡 𝑜𝑓 𝑌(𝜔)𝑜𝑟 𝑍(𝜔)
=
𝐶′′(𝜔)
𝐶′(𝜔)
=
𝜀′′(𝜔)
𝜀′(𝜔)
 
(20) 
Considering FDS with the Extended Debye Model, when a sinusoidal voltage 
is applied onto the dielectric model, the total current Iout(ω) is generated, illustrated 
in Fig.2.10, which can be described as: 
𝐼𝑜𝑢𝑡(𝜔) = 𝐼𝐶0(𝜔) + 𝐼𝑅0(𝜔) + 𝐼1(𝜔) + 𝐼2(𝜔) + 𝐼3(𝜔) + ⋯+ 𝐼𝑛(𝜔) (21) 
 𝐼𝐶0(𝜔)  represents the capacitive response of the insulation system, IR0(ω)  is 
coupled with conduction current and the sequence currents I1(ω)~In(ω)  are the 
response of different polarisation processes with different time constants. 
 
Fig.2.10 Equivalent circuit of multilayer oil-paper insulation system 
With respect to equation (21), the response current IC0(ω)  increases 
monotonously with the augmention of frequency and tends to mask the non-
instantaneous polarisation currents I1(ω)~In(ω) . In other words, the response 
current is measured from the tested transformer processes capacitive features while 
the important polarisation responses are hard to observe in the resultant response 
current. Although the covered information can be extracted by fitting the total 
impedance response of the insulation system [83], it is desirable that responses 
excited by slow polarisation mechanisms are measurable so that the dominant 
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polarisation processes may be identified as evidence of significant degradation 
assessment. However, research explorations are barely focused on this part. 
The complex admittance and dissipation factor can be calculated on the basis 
of the equivalent circuit directly, 
𝑌∗(𝜔) = 𝑖𝜔𝐶0 +
1
𝑅0
+∑
𝑖𝜔𝐶𝑖
1 + (𝜔𝑅𝑖𝐶𝑖)2
𝑛
𝑖=1
 
(22) 
𝑡𝑎𝑛𝛿(𝜔) =
1
𝜔𝑅0
+ ∑
𝜔𝑅𝑖𝐶𝑖
2
1+(𝜔𝑅𝑖𝐶𝑖)
2
𝑛
𝑖=1
𝐶0 + ∑
𝐶𝑖
1+(𝜔𝑅𝑖𝐶𝑖)
2
𝑛
𝑖=1
 (23) 
Complex permittivity can be calculated as well if C0 is known according to 
equation (18). The typical plots of these three degradation indicators: dissipation 
factor tanδ(ω) , shown in Fig.2.11 [8], complex permittivity ε∗(ω)  or complex 
capacitance C∗(ω) [84]. 
 
Fig.2.11 Interpretation of a dissipation factor spectrum 
Fig.2.11 illustrates the common interoperation of the dielectric response 
corresponding to relative frequency regions. The dielectric response characterizing 
within very low frequency (for example < 10−2 Hz) is related to the degradation in 
solid insulation including the effects from ageing as well as the presence of moisture 
content while the middle frequency range (from 10−2 Hz to 1 Hz) is influenced by 
the condition of oil and higher frequency reflects the condition of solid insulation 
again [8, 85]. The higher the tanδ(ω) value goes, the more severe deterioration 
occurs in the dielectrics and the insulator is more like a conductor if the dissipation 
factor is larger than value 1 [86]. Complex capacitance or complex permittivity 
shares a similar interpretation to the dissipation factor. Besides, the separation of real 
and imaginary parts facilitates an understanding of the capacitive as well as losses 
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components of the insulation system separately [1]. The reliable and general 
degradation status of the insulation system under test evaluated from the response 
curves relies on the comparison between the measurement results and a reference 
historical results on the basis of the similar type of transformers (core configuration, 
insulation geometry, voltage and capacity rating, temperature, ect.). Further, a 
comprehensive life assessment investigation can be reached through synthesising the 
results from dielectric response measurements with other type of measurements, such 
as Dissolved Gas Analysis (DGA) [87], Frequency Response Analysis (FRA) [63, 88] 
and Partial Discharge (PD) [89]. 
The dielectric response spectrum is often strongly influenced by temperature 
and moisture content. Authors Koch and Prevost in [8] summarised the effects of 
comprehensive significant contributing factors affecting the frequency domain 
dielectric responses. Generally, the response curves tend to shift towards higher 
frequencies corresponding to a rising temperature [90]. The dielectric responses 
obtained based on diverse temperatures can be analysed on the same condition only 
if the temperature effects are scaled out since it is impossible to discriminate between 
temperature and conductive ageing by-products from the frequency responses [5]. 
Therefore, particular caution should be given to the temperature deviations during 
the performance of the measurements. Further, studies [9, 50, 72, 90, 91] have 
investigated the sensitive properties of FDS measurement on moisture content, 
deterioration of cellulose as well as ageing by-products. These studies agree that the 
changes of moisture level exerted the most evident influence on the low frequency 
band of FDS responses than contributions created by other factors. 
Existing improvements on FDS are concerned about acceleration of the FDS 
[13] and investigations on the alternative waveform instead of adopting sinusoidal 
waveform as an excitation signal [80]. Koch’s technique to accelerate the 
measurements depended on the combination of time domain polarisation current 
measurements obtaining the low frequency (< 1 Hz) response with the FDS 
achieving the high frequency measurements [13]. Jaya in [14] proposed to inject the 
multiple sinusoidal oscillations with different frequencies simultaneously onto the 
insulation system under investigations and transfer to frequency domain data through 
Discrete Fourier transform (DFT) [67] as well. The measuring time required 
according to these two methods is less than 3 hours as the frequency range is down to 
10−4  Hz. However, the measurements were performed under offline conditions 
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associated with relatively very low noise levels from the environment so the 
reasonable frequency results could be obtained through the FFT processing. The 
clean frequency results are unattainable if the FFT is adopted to transfer time domain 
data extracted from a noisy environment such as online measurements since 
significant spectrum leakages or spikes will corrupt the results [67]. In addition, a 
triangle waveform was utilised in [80] in order to compare the performance of the 
sinusoidal waveform response and the authors concluded that the estimation of 
moisture content in paper based on the triangular excitation was more realistic.  
Above all, sufficient evidence from both field and laboratory tests published so 
far has proved that the frequency dielectric response measurement permits a reliable 
application of degradation assessment of an oil-paper insulation system. 
2.3.2 Polarisation and Depolarisation Current measurement 
 
Fig.2.12 Polarisation and Depolarisation Current Measurement 
Polarisation and Depolarisation Current (PDC) Measurements can measure the 
response of DC conductivity and different polarisation processes with respect to a 
long time step voltage [1, 5, 68, 71]. The principle diagram is illustrated in Fig.2.12. 
Three steps are involved into the measurement: 1) fully discharge the test object to 
clear the ‘memory effect’ [1]; 2) apply a step voltage U0 for a long time charging 
process tc (0~t1) and record the polarisation current Ipol(t); 3): remove the voltage 
and short circuit the test object for discharging process  td (t1~t2)  and record 
depolarisation current Idep(t) . The inherent theory of PDC measurement can be 
derived from the mathematical representation of equation (5) that is associated with 
the dielectric response under an arbitrary electric field. The expression can be 
rewritten in (24) when the arbitrary electric field is substituted with a step function: 
E(t) = E0 (t > 0). 
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𝐽(𝑡) = 𝜎0𝐸0 +
𝑑𝐷(𝑡)
𝑑𝑡
= 𝜎0𝐸0 + 𝜀0𝛿(𝑡)𝐸0 + 𝜀0𝑓(𝑡)𝐸0 (25) 
The measurement starts at 1second to skip the large response from the delta 
function δ(t). Therefore, the polarisation current originated from the conductivity of 
the dielectrics under test and the activated polarisation processes can be written as: 
𝐼𝑝𝑜𝑙(𝑡) = 𝐶0𝑈0(
𝜎0
𝜀0
+ 𝑓(𝑡)) 
(26) 
Accordingly, the depolarisation current Idep(t) can be measured when the step 
voltage is removed since the dipoles activated during the charging period start to 
relax to the original state with different corresponding times and the total current is 
expressed in (27) [69]:  
𝐼𝑑𝑒𝑝(𝑡) = −𝐶0𝑈0(𝑓(𝑡) − 𝑓(𝑡 + 𝑡𝑐)) (27) 
In view of the equivalent circuit, Idep(t) can be fitted by exponential functions 
developed purely from RiCi pairs in Fig.2.8 and the formulas are written in equations  
(28) and (29), respectively. These RiCi  pairs represent the non-instantaneous 
polarisation processes as mentioned in 2.2.1, which can be used to describe the 
dipole behaviours during the discharging period. The fitting details can be found in 
[68, 92]. 
𝐼𝑑𝑒𝑝(𝑡) =∑(𝐴𝑖𝑒
−𝑡
𝜏𝑖 )
𝑛
𝑖=1
 
 (28) 
𝐴𝑖 = 𝑈0
1 − 𝑒
−𝑡𝑐
𝜏𝑖
𝑅𝑖
 (29) 
where τi = RiCi represents the time constant for each branch. 
 
Fig.2.13 Interpretation of PDC curves 
The polarisation and depolarisation currents measured from PDC 
measurements have been demonstrated to be very sensitive to the changes of 
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dielectric properties [66, 93, 94]. Specifically, the magnitude or the shape of the 
currents are affected by the moisture content, contaminants, ageing condition of oil 
and paper as well as measurement conditions, such as the temperature of the 
insulation system [95]. Higher values of the currents can be attributed to higher 
conductivity coupled with contaminant levels, higher moisture content and degraded 
ageing state of the insulation [4]. Further, as shown in Fig.2.13, the initial part of the 
polarisation and depolarisation currents reflect the conductivity of oil while the 
response in the middle time constant corresponds to the interfacial effects between 
oil and cellulose parts, which is governed by the geometric configuration of the 
insulation system under test. The large time constant currents are influenced by the 
deterioration status of solid insulation while moisture content level primarily 
determines the response of this part compared with other ageing factors [4, 96]. The 
difference between the polarisation and depolarisation currents tends to be enlarged 
corresponding to higher moisture levels and their magnitudes will go up as well [97]. 
So the PDC measurement can serve as a reliable insulation degradation assessment 
tool.  
Based on the information provided from the literature above, the depolarisation 
current can expose the slow polarisation mechanisms occurring in the oil-paper 
insulation system, which establishes a direct linkage with the RiCi  pairs of the 
insulation model. However, acquiring the depolarisation current is quite time 
consuming since the long period of charging needs to be performed first, for example, 
a 104 seconds depolarisation current requires at least the same amount of charging 
time. 
2.3.3 Return Voltage Measurement 
 
Fig.2.14 Return Voltage Measurement 
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Return Voltage Measurement (RVM) is a widely used dielectric measurement 
in time domain [6, 7]. Fig.2.14 shows the principle of RVM. A series of individual 
DC step voltage U0are applied to the insulation system with a variable charging time 
tc. The charging time usually starts at 10
−3seconds and then is increased in steps of 
2/5/10 and up to 104  seconds [1]. For each charging procedure, short-circuited 
measurement follows with discharging time td = tc/2 and then the return voltage 
ur(t) is measured during the open circuit process. The return voltage arises from the 
remaining voltage containing in the non-instantaneous components of the insulation 
system after the incomplete discharging time and then decays to zero due to the 
insulation leakage. The current density during the open circuit time equals zero [6, 98] 
and is expressed in equation (30). Here, the electric field E(t), which is affected by 
the conductivity, permittivity and dielectric response function, stands for the return 
voltage building up across the dielectrics. 
𝐽(𝑡) = 𝜎0𝐸(𝑡) +
𝑑𝐷
𝑑𝑡
= 𝜎0𝐸(𝑡) + 𝜀0
𝑑𝐸(𝑡)
𝑑𝑡
+ 𝜀0
𝑑
𝑑𝑡
∫ 𝑓(𝜏)𝐸(𝑡 − 𝜏)𝑑𝜏
𝑡
0
= 0 
(30) 
The return voltage can also be simulated according to the equivalent circuit [1, 
7]. Before the open circuit, the remaining voltage ui(t2)  at i-th RiCi  branch is 
expressed in equation(31). 
𝑢𝑖(𝑡2) = 𝑈0(1 − 𝑒𝑥𝑝 (
−𝑡𝑐
𝜏𝑖
))𝑒𝑥𝑝 (
−𝑡𝑑
𝜏𝑖
) 
(31) 
The return voltage ur(t)  at each charging cycle after open circuit can be 
calculated by the following equations. 
𝑑𝑢𝑖(𝑡)
𝑑𝑡
=
1
𝑅𝑖𝐶𝑖
(𝑢𝑟(𝑡) − 𝑢𝑖(𝑡)) (32) 
𝑑𝑢𝑟(𝑡)
𝑑𝑡
=
1
𝐶0
(−
𝑢𝑟(𝑡)
𝑅0
−∑
𝑢𝑟(𝑡) − 𝑢𝑖(𝑡)
𝑅𝑖
𝑛
𝑖=1
) 
(33) 
The dielectric response curve of RVM, which is called the polarisation 
spectrum, is formed by recording peak values Urmax and its corresponding charging 
period tc. It is reported that the position of the maximum value on the polarisation 
spectrum, which is called the central time constant, yields insight into a key indicator 
to assess ageing condition as well as moisture levels since it shifts to small values 
when insulation degradation occurs [6, 82].  
The sensitivity of the RVM experiments is primarily dependent on: 1) if the 
capacitors are the contributing factors as to whether the insulation system is 
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discharged completely before the next charging-discharging-open circuit cycle starts 
and the whole process to form a polarisation spectrum requires an extremely long 
time [1]. If not, the memory effect of the dielectric will contribute to produce 
excessive return voltage for the short charging times [1, 92]; 2) if the internal 
impedance of the voltmeter being used to measure return voltage is high enough 
compared with the impedance of the insulation system under test; 3) whether R0has a 
proper value, neither too high nor too low, in order to produce a manifest peak value 
in an individual return voltage [1]. 
2.3.4 Summary 
In conclusion, dielectric response measurements are reliable and well-
developed non-destructive and non-intrusive techniques to acquire overall 
meaningful degradation condition of oil-paper insulation systems. However, two 
evident gaps can be identified based on the literature review.  
Firstly, these measurements so far discussed are applied on de-energised 
transformers, which require the transformers under test to be shut down for days or even 
longer to complete a single test. The disconnection may cause undesirable power outage 
of the power system and substantive economic losses for both power utilities as well as 
customers. Moreover, dielectric response is highly sensitive to environmental conditions, 
such as temperature. With respect to an operational transformer, its load profile 
continues to change corresponding to the customer demands or power regulations and 
the changes tend to alter the temperature of the insulation system. So the offline 
measurements barely reflect the real condition of the insulation system in the operational 
status. The problems resulting from the offline measurements can be solved if the 
dielectric measurements can be performed in an online mode. Therefore, it is 
indispensable to find a proper technique to achieve the dielectric response 
measurements on an energised transformer. Among the dielectric response 
measuring methods mentioned in this section, the Frequency Domain Spectroscopy 
measurement method could serve as the fundamental principle to perform the online 
application for the following reasons: 
1. The FDS measurement procedure is straightforward, compared with time 
domain dielectric measurements: PDC and RVM, without short-circuit or 
open-circuit operations involved which are only possible for de-energised 
transformers, 
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2. The issue of time consumption issue coupled with the dielectric response 
measurements can be improved in frequency domain, especially for very 
low frequency measurements, 
3. A proper signal waveform can be selected to enhance the frequency 
resolution and optimise noise cancellation capability. 
Secondly, a direct measure of non-instantaneous polarisation responses is 
inaccessible for the existing frequency spectrum measurement due to the large effects 
of geometric capacitance. In addition, according to PDC principle, the depolarisation 
current is formed by these slow polarisation responses. The problem is that it can be 
only obtained after a long time charging period plus another equal or even longer 
discharging process. If the same information can be measured in frequency domain, 
not only does the time tend to be reduced significantly but also the correlation 
towards time domain measurements could be established. 
2.4 ONLINE MONITORING DIAGNOSIS ON POWER TRANSFORMERS 
2.4.1 Existing online diagnostic methods on transformers 
Online performance of monitoring and diagnosis of power transformers draws 
many researchers’ attention and becomes a vitally important approach to advance the 
offline techniques currently adopted to evaluate the condition of a transformer. 
Further, it is possible to shift the transformer maintenance from scheduled-based to 
condition-based owing to the online diagnostic developments [99, 100].  
In the last decade, many scholars have made their contributions and efforts to 
find reliable and feasible methods for the online diagnosis applications, such as 
online Frequency Response Analysis (FRA) used to detect the deformation defects of 
windings, online Partial Discharge (PD) adopted to monitor the inception faults of 
insulation systems, online Dissolved Gas Analysis (DGA) and online moisture 
content monitoring. However, few works focusing on using FDS as an online 
monitoring method have been done so far.  
A recent paper [101] puts forward a possible method. It relies on injecting the 
voltage signal through bushing taps and measuring the corresponding response 
current by bushing taps on the other side terminals or by the earthed tank. One 
problem remaining unsolved in the paper is that of how to separate the dielectric 
response of transformers from the response of bushings since the dielectric response 
 Chapter 2:Literature Review 38 
of capacitive bushings are bound to influence or mask at least some part of the 
information from the transformer insulation system under test. Another issue related 
to this method is that response measurement associated with very low frequencies is 
inaccessible without any suitable filtering processing techniques. On the other hand, 
online FRA investigations began earlier than online FDS and there are already many 
published results. The principle of the FRA measurements is similar to the FDS 
measurements since it also relies on measuring the transfer function of the test 
objects but focuses on much higher frequencies (normally > 20 kHz) [102]. Bushing 
taps [103, 104] or sensors installed on the surface of a bushing [105, 106] are 
commonly used as signal injection and/or measuring points to achieve the online 
measurements. Moreover, the Current Transformers (CTs) are connected at neutral 
lines to capture the corresponding response current as well [103, 106]. Online 
monitoring of transformer vibration is another method to detect the winding 
deformation [107]. In [108, 109], sensors were installed on several selected points on 
the surface of the transformer tank to collect the signature signals that are used to 
assess the deformation level. Other online techniques are emerging in the PD 
measurements or the moisture monitoring areas. For example, online monitoring of 
the PD response was achieved through bushing taps in [110]. The detection of 
moisture content was made through humidity sensors that were impregnated in oil 
and the moisture level in cellulose parts was estimated according oil-paper moisture 
diffusion curves or models [111, 112]. Ilampoornan in [113] provides a way to 
calculate the water concentration in cellulosic parts of the insulation system. This 
method is limited because it is hard to reflect the complicated operational state in the 
calculation. Therefore, the reliability and accuracy of indirectly assessing the 
moisture level of solid parts through sensors functioning with model evaluations still 
require more investigation.   
2.4.2 Considerations on online technique of dielectric response measurements 
Limited sources are available so far specifically for the online dielectric 
response measurement application based on the literature review investigations. 
However, the existing online diagnostic methods provide some significant hints or 
reveal the potential issues this research is going to deal with while moving the 
measurements from offline to online.   
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The first consideration is how to choose the signal injection and response 
measurement points for the online application. Although the inherent theory of 
online FDS measurement is the same as offline, the transformer under test now is 
energised during the measurement. So the measurement paths for the online 
performance need to be changed. Bushing taps mentioned in the previous section are 
frequently used to fulfil the online measurements but the dielectric response is 
associated with bushing response as well, which makes the measurement as an 
indirect response of transformer insulation systems. 
How to obtain a reasonable and clean dielectric response is the second main 
issue that needed to be addressed and this calls for proper filtering schemes. The 
noise cancellation strategies are different depending on the application purposes, the 
waveform of signals and the errors that the measurement can tolerate. Gonzalez in 
[114] provided some different methods to carry out online FRA and use two filters to 
implement a de-noising process. One filter isolated the measuring instrument from 
power signal of 50 Hz while another avoided testing signals passing through the 
power grid. However, the situation is different from FDS for dielectric response due 
to FRA being tested with higher frequencies in kHz or even MHz while FDS deals 
with relatively low frequencies. In [115], the fast wavelet transformation was 
presented to eliminate the high frequency noise of 50 Hz and keep the low frequency 
signal. The method was effective based on the simulation results. Unfortunately, the 
author did not apply the scheme to online experiments. Particularly, the noise level 
tends to be substantial compared with dielectric response current for online 
application if the low frequency measurements are involved. 
According to the basic understanding of the FDS spectrum in section 2.2.1, 
valuable dielectric condition information is correlated with low frequency band. 
Therefore, it is desirable that the online dielectric response can reflect low frequency 
responses rather than high frequency band. However, the measuring time is more 
than 10 hours with the discrete sine waveform excitation if the frequency is as low as 
10−4 Hz. Here this review reaches the third consideration of online FDS application: 
how to reduce the measuring time appropriately if possible. This is the reason that 
the frequencies chosen were larger than 0.1 Hz during the online FDS performance 
in [101]. Efforts cited in section 2.3.1 have been made to reduce the time for the 
offline application. However, it is highly possible that these techniques would fail for 
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online application since the environment and connections are completely changed for 
the energised cases. 
An online measurement means the measurements are subjected to combined 
stresses from high voltage, temperature, external connections and environment. The 
results will be correlated with multi-contributing factors. The online results may 
differ from those measured offline. It is possible that the nonlinearity phenomenon 
would be excited under the high voltage stress at power frequency. Differences were 
observed in some online FRA responses [103, 106, 116] but few of them afford 
further interpretations of the changes. Therefore, the fourth attention should be given 
to nonlinear phenomena of online application based on the experimental results. 
2.5 SUMMARY AND IMPLICATIONS 
Dielectric response measurements have been proved to be trustworthy for the 
insulation system condition diagnosis based on substantial research studies. However, 
these dielectric response measurements are limited to the offline version resulting in 
inadequate efforts exerted on an online application. Hence, it is worthwhile to upgrade 
the applicable field of the dielectric response measurement as an online condition 
monitoring tool. FDS is chosen as the basis for the implementation of online techniques 
due to its inherent advantages compared with time domain measurements. 
Considerations for the online application are summarised according to discussions and 
synthesised analysis of the existing online diagnostic tools applied to power transformers, 
which in turn draw the framework of the research problems in the thesis. Further, the 
assumption is made that the presence of the power frequency of the high level electric 
field in the energised case has the potential to excite nonlinearity in the dielectric 
response. Thus, the nonlinear phenomenon is expected to be associated with online 
dielectric responses. 
As for oil-paper insulation system, sufficient works either from laboratory or 
field tests have been focusing on the investigations factors influencing dielectric 
response, such as temperature, geometric structure and moisture content. Certain 
tendencies can be followed or estimated when the impacts are taken into consideration to 
interpret the dielectric response. But none of them consider the possibility of measuring 
slow polarisation processes in frequency domain that are bound to deliver additional 
important degradation information for the condition assessment. Therefore, an 
appropriate method is required to achieve this aim. More benefits are expected to gain 
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through the improvements. Further, methods for the measurement acceleration are 
pointed out and discussed. However, none of them is proposed for online measurements 
leading to inadequate considerations of noise cancelling ability. More studies are then 
required to focus on this purpose. 
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Chapter 3: Design Methods for the 
Diagnostic Technique 
This chapter covers the methodology supported by theoretical analysis, of 
designing the online as well as offline diagnostic measurement system. Section 3.1 
details the FDS methodology to be applied in this research then presents the potential 
challenges related to the online diagnostic tool design. This is followed by 
discussions of solutions covering several practical perspectives. Section 3.2 focuses 
on the offline bridge circuit measurement design supported by theory associated with 
the circuit design as well as the simulation analysis. Owing to this design, imaginary 
admittance measured by the bridge circuit can be regarded as a new degradation 
indicator to accentuate the degradation status of the insulation system under test and 
correlation with time domain measurements can be established. Section 3.3 puts 
forward a novel method to extract frequency spectrum from chirp-like waveforms, 
by which chirp waveform excitation is applicable for dielectric response 
measurements. Finally, a bidirectional system identification process for distortion 
cancellation is designed in section 3.4. 
3.1 PRINCIPLES OF ONLINE MEASUREMENT CIRCUIT DESIGN 
3.1.1 Frequency Domain Spectroscopy methodology 
As mentioned in section 2.3, FDS is suitable for an online dielectric response 
measurement since it does not require a set of short-circuited and open-circuited 
measurements as in PDC and RVM. Moreover, the excitation waveform of the time 
domain measurements is DC type and its response current is much smaller than the 
frequency response, which is hard to measure. In addition, the extraction of 
frequency response is much easier in comparison with the DC type measurements as 
the frequency of the excitation is known. Fig.3.1 illustrates the typical connections 
when conventional offline FDS is applied on a 3-phase transformer through the 
shorted HV and LV terminals. 
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Fig.3.1 Typical connections of the conventional FDS tests 
3.1.2 Challenges of designing online dielectric condition monitoring method 
Since few studies have been done in the online dielectric response field 
according to the existing literature review, the research begins with exploring the 
potential challenges that the proposed online technique comes across. It is significant 
to mention that the following analysis takes the basic principles of the conventional 
FDS into account. 
A. Challenge 1 
Paths to inject the excitation signal and measure the response 
The FDS measurement involves signal injection and the corresponding 
response current measurement. For the existing FDS measurement system, this can 
be achieved by injecting a sequence of discrete sinusoidal or modified waveform 
voltage with discrete frequencies onto a de-energised transformer through the shorted 
HV or LV terminals and measuring the response current through the shorted LV or 
HV terminals, illustrated in Fig.3.1. The HV and LV windings serve as two 
electrodes separated by the oil-paper insulation system. A widely used commercial 
apparatus in the market is IDA300 and its improved versions IDAX 300/350 
manufactured by Megger [43]. However, the commercial device is only useful for 
offline dielectric response tests under a low noise level measuring circumstance 
without dynamic variations arising from potential external networks.  
On the other hand, considering an energised condition, the measurement circuit 
design for offline applications is no longer feasible since the transformers under test 
are subjected to the high voltage electric field at power frequency. Moreover, HV 
and LV terminals that are used as the injection and measurement paths are now 
connected with high voltage buses, shown in Fig.3.2. Under this circumstance, the 
conventional FDS method is inaccessible.  
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Fig.3.2 Energised transformer circumstance 
As discussed in the literature view, FRA measurements are based on transfer 
function measurements as well and online FRA measurement is possible through a 
bushing tap on the HV side of the transformer [100, 103, 117]. So it may be treated 
as a reference to consider the possibility of transferring online FRA techniques to 
online FDS. The injection method is detailed in [103]. The main reason identified for 
using this bushing tap injection for FRA measurements is that the current response is 
still measurable due to the relatively low impedance of capacitive components for 
passing high frequency signal (> 200 kHz). However, the character of high resistance 
to low frequency signals of capacitive components of the bushing tap hampers the 
low frequency dielectric current response measurement. Besides, the dielectric 
current level of offline FDS measurements ranges from 1 pA to 1 mA. Also, the fact 
that the division ratio of C2  and C1  is normally larger than 10, which leads to 
substantive low frequency current shunted by C2  detailed in Fig.2 in [103]. The 
remaining current, less than 1/10 of Igen, passing through the transformer insulation 
system will be too small to be measured. In terms of the measurement side, current 
measurements of online FRA are performed by current transformers (CTs) as an 
output probe on neutral point if it exists. CTs applied for FRA measurements 
working at power frequency or high frequency are unpractical for very low 
frequency measurements, such as FDS with frequencies down to 10−4 Hz, since the 
output of secondary side of the CTs at low frequency will be too small to be 
measured. 
Therefore, how to safely inject the excitation signal and reliably measure the 
response on an operational transformer now becomes a main issue. The following 
sections will provide proposed solutions to improve existing FDS measurement for 
the online application. 
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B. Challenge 2 
Isolation of the dielectric response from the external system 
Another big challenge that needs to be addressed for online FDS is to eliminate 
the influence of external networks from the insulation system’s dielectric response. 
For an energised transformer, the primary side is connected with high voltage bus 
lines while the secondary side has been loaded and load variation is inevitable during 
operation. In order to get reliable and accurate measurement results, the priority task 
should focus on acquiring a current response with an acceptable noise level. No 
matter what kind of methods are applied for the online FDS technique, interference 
from both source side and load side cannot be neglected. Meanwhile, the possible 
configuration of the external system should be taken into consideration as well in 
order to analyse its possible influences on the dielectric response. Besides, the design 
should not exert any harmful effects on the operational transformers under test and 
the potential apparatuses connected with the transformers. 
C. Challenge 3 
Time-consuming issue associated with dielectric response measurement 
It is well acknowledged that dielectric response measurements at very low 
frequency take a long time to finish [1]. For frequencies down to 10−4  Hz, the 
measurement lasts for over 10 hours [118]. Such a long time period tends to increase 
many risks for the online FDS tests. Transformers under an energised condition will 
bring some uncertainties, such as potential external faults occurring on transformers 
under test or load variation, which may exert manifest effects on the environmental 
dependent dielectric response. The longer the time is consumed, the higher the 
uncertainty, which will occur in the dielectric response, and may then lead to 
difficulties in interpreting the dielectric response. The fastest equipment on the 
market is IDAX 300/350, which can measure dielectric response down to 10−3 Hz 
within only 22 minutes [43]. However, it is doubtful whether the technique used is 
suitable for online application, which will be analysed in the following section 3.1.3. 
The three challenges above are the key ones that must be overcome when 
designing the measurement circuit. Other challenges relevant to proper signal 
processing approaches, system identification improvements and the interpretation of 
energised dielectric response will be covered in the remaining sections of this chapter 
or the following chapters. 
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3.1.3 Solutions for designing online dielectric condition monitoring technique 
A. Solutions to Challenge 1 
Neutral injection and measurement method 
In this research, one primary difference from the conventional FDS 
measurements is that the modified measurement needs to guarantee normal operation 
for the transformer under test. Therefore, the HV and/or LV terminals cannot be 
shorted and used as injection or measurement points directly since they are 
connected with a power network. One available method relying on bushing tap 
injection [101] for online application has been mentioned in section 2.4.1 in the 
literature review. However, this method is indirect and inconvenient because the 
dielectric responses measured are from both the bushing and the transformer 
insulation system. Difficulties with or inaccuracy of insulation interpretation occur if 
the dielectric responses of bushings fail to be separated from the transformer 
insulation response. Moreover, noise of the online environment is another issue that 
has not been addressed in [101]. So, in this research, a signal injection point and a 
response current collection point are necessary on the transformers windings ideally 
at zero or low power frequency potential. These criteria could be satisfied through an 
accessible neutral connection. The injection points are designed through an earth 
potential by using neutral connections. Also, for the response current, if the neutral 
of the transformer is earthed via a neutral earthing resistor, this earthing resistor can 
be used as the response current measurement impedance. The proposed method 
connections are illustrated below in Fig.3.3. Here, Rn is the neutral earthing resistor. 
Importantly, this method is critically dependent on a certain range of the earthing 
resistor to ensure that the response current is measurable. And the expected 
resistance for measuring purposes should be in a range from tens to hundreds of 
ohms. It is worth noting that, under practical conditions, the size of the resistor could 
be an issue if the load current to be supplied is connected to earth. 
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Fig.3.3 Measurement connections of a single-phase transformer  
 
Fig.3.4 Proposed method for Wye-connected windings 
 
Fig.3.5 Proposed method for Delta-connected windings 
In terms of 3-phase transformers, the windings can either be formed as a Wye 
connection or a Delta connection according to different application purposes, listed 
in Table 3.1. For double-winding transformers, there are four main types: Wye-Wye 
connection, Delta-Delta connection, Delta-Wye and Wye-Delta connections [58]. For 
Wye-connected windings, a neutral point exists which can be used for the proposed 
measurement, shown in Fig.3.4. Since the proposed method relies on neutral 
connections and the required neutral connections are not available for Delta-
 Chapter 3:Design Methods for the Diagnostic Technique 49 
connected windings, neutral points can be created using suitably connected voltage 
measurement transformers (VTs), illustrated in Fig.3.5. 
Table 3.1 Winding configurations and their application [58, 119] 
Double-winding configuration Application 
Delta-Wye or Wye-Delta 
For step-up and step-down purposes. The grounded Wye-Delta 
configuration is used at generation stations for step up to the 
transmission system, while for step-down purposes, the LV 
winding is Wye-connected to provide a grounded neutral for 
secondary transmission or for primary distribution systems. Delta-
connected HV windings, however, are seldom used for 
transmission voltages of 138 kV and above. 
Delta-Delta 
Delta-Delta connected transformers are commonly limited to a 
maximum system voltage of 345 kV in order to reduce the 
insulation cost.  
Wye-Wye 
Wye-Wye connected transformers are used infrequently on HV 
transmission systems. This type of transformer is typically served 
in a distribution system with grounded Wye-grounded Wye 
connections. 
One thing that should be emphasised here is the current version of the method 
relies upon the network characteristics: whether there is access to the neutral points 
on the transformers to be tested or there is the opportunity to create neutral points. 
Therefore, this technique is not a fix-all solution and is limited to certain 
circumstances where it is possible to get the access to the neutral or create a neutral 
that can be earthed. If the required neutral connections are not available, neutral 
points can be created using suitably connected voltage measurement transformers. 
B. Solutions to Challenge 2 
Combination of passive and active low-pass filter system 
For offline tests, noise will not be a problem since apparatuses linked with a 
transformer under test are disconnected. However, with respect to online tests, 
transformers are operational and the loads vary with customer demands. This results 
in current variations in neutral connections. Under normal operation mode, the 
unbalanced current mainly comes from the load switching on or off, which happens 
randomly. Although the switching mode is random, it is modulating load at power 
frequency since the loads are working at this frequency. Meanwhile, the magnitude 
of the dielectric response current flowing through the insulation system under 
investigation usually has a small value within the low frequency band, for example 
from 10−4 Hz to 1 Hz, mainly in a range from nA to µA. These weak signals are 
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difficult to measure since the signal can easily be contaminated by noise. In addition 
to normal load variation noise, there are many other sources of noises in substations 
and most of them are high frequency components compared with the low frequency 
dielectric response in this research. For example, the corona disturbance and its 
relevant losses are all predominantly in high frequency. Measuring the dielectric 
response current can be implemented by designing an active low-pass filter with the 
purpose of attenuating the signal with frequencies above 1 Hz and amplifying the 
current response up to an acceptable level at the same time. The range of the 
dielectric response determines that the gain of an active low-pass filter should be at 
least 10
6
. According to this specification, an active filter is designed with corner 
frequency at 1 Hz, 10
6 
gain and attenuation at power frequency as much as possible 
since most of noise energy centralizes at this frequency. Besides, the pass-band of the 
filter need to be as flat as possible to keep the signal undistorted. According to the 
specification, a Butterworth low-pass filter with four stages is designed with a gain 
of 10
3 
for two stages, shown in Fig.3.6 and Fig.3.7. Moreover, a passive filter part is 
designed to attenuate the amplitude at 50 Hz to －89 dB first to fit the input voltage 
range of the active filter, which is shown in Fig.3.8. The designed parameter values 
of the passive filter and active filter and the design details are given in Appendix B. 
Above all, a passive low-pass filter input stage along with an active low-pass 
filter stage effectively is adopted to remove noise signals above 1 Hz with an 
attenuation of at least 120 dB at power frequency. This filter system is paralleled 
with the earthing resistor, shown in Fig.3.6. It is noticed that the measurement of 
dielectric current response is inaccessible if there is a large amount of 
Geomagnetically Induced Current (GIC), with a frequency from 10−4 Hz to 10−2 Hz, 
flowing across the neutral connections [120].  
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Fig.3.6 Low-pass filter system 
 
Fig.3.7 Bode plot of the active low-pass filter 
 
Fig.3.8 Bode plot of the passive low-pass filter 
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External network configuration analysis 
Even though the effective low-pass filter system is supposed to eliminate the 
high frequency noises, it is highly possible that the dielectric response measured is 
inaccurate for transfer function analysis due to the shunting effects from the external 
network. As mentioned before, the injection and measurement procedures are 
achieved through neutral points of a transformer. The proposed technique that relies 
on an earth potential to form the loop for the signal needs to be tested. Considering 
the other electrical elements or apparatuses in the external network connected to the 
transformer under test, they may have neutral earthing connections as well, which 
provide possible split paths for the excitation signal and the response signal. Unlike 
offline measurements in which the transformer under test is separated from the 
network, online measurement is inevitably confronted with some uncertainties 
derived from the external network. The uncertainties are influenced by the potential 
configurations of equipment directly connected with the HV and the LV terminals of 
the transformer. The possible measurement circuit for online application can be 
simplified as shown in Fig.3.9. 
 
Fig.3.9 Simplified measurement circuit for online application 
In Fig.3.9, the components that have neutral connections are linked with the 
injection side and the measurement side of the transformer under test are modelled as 
impedance Z1 and Z2, respectively, characterised by resistive and capacitive elements 
for low frequency response. ZTX is the impedance of the insulation system.  
For the source side, theoretically, signal injection to the insulation system can 
be performed under ordinary operating circumstances as long as the source generator 
ensures enough power. In practice, Z1 may draw the majority of current from the 
source if the magnitude of Z1 is too small compared with the insulation impedance 
ZTX. The great amount of this additive low frequency current may cause faults in the 
network, such as a half-cycle saturation for transformers, which is similar as the fault 
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caused by GIC [121]. Therefore, a safe consideration is the impedance of Z1 
comparable with the impedance of ZTX , then the current I1  excited by the source 
generation is harmless to the rest of system. 
For the measurement side, the dielectric current ITX is split by earthing resistor 
Rn and impedance Z2 of the external network. In this circumstance, it is desirable 
that Rn is much smaller than |Z2|, such as Rn |Z2|⁄ < 1 10⁄ , so that 9 10⁄  dielectric 
current response can be measured. The information of Z2 is of great importance as 
well for phase shift investigation. The accurate dielectric current response and 
transfer function of the insulation system then can be reached; these are written in 
equations (34) and (35), respectively. 
𝐼𝑇𝑋 = 𝐼𝑜𝑢𝑡 +
𝑉𝑜𝑢𝑡
𝑍2
 
(34) 
𝑍𝑇𝑋 =
𝑉𝑆
𝐼𝑇𝑋
  (35) 
The current version of the online method is not suitable for the following 
circumstances. In Fig.3.10, solid earthing connections on linked transformers or 
loads make the proposed measurement inaccessible since a large amount of current 
tends to be drawn by the external current due to the relatively low impedance of the 
transformer windings or loads. Otherwise, if a capacitor added to the neutral 
connections can be used to block the low frequency response as the function used for 
attenuating GIC [122], then the low frequency injection and measurement is 
achievable. 
 
Fig.3.10 Unsuitable circumstances for the proposed methods 
According to the analysis above, the proposed method for online application 
can be applied in limited situations based on the neutral connection structures of the 
external network and the presence of no other low impedance paths to earth in the 
external network that shunts the generated or measured signal to ground. 
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C. Solutions to Challenge 3 
Sine waveform 
The conventional FDS offline technique is a successive application of discrete 
sine wave excitations at discrete frequencies. The extraction of the frequency domain 
information is achieved by magnitude and phase comparisons between measurement 
signals including input and output signals and a reference signal. The magnitude 
variation and phase shift are recorded after comparisons, illustrated in Fig.3.11. This 
technique is used in the existing equipment IDA 200 and the principle can be found 
in [123]. In order to obtain reasonable dielectric results, at least two cycles of an AC 
voltage are necessary to quantify the magnitude and phase shift [123]. Therefore, 
more than 2 × 104  seconds (5.5 hours) is required for obtaining a response with 
frequency down to 10−4 Hz. Meanwhile, the time spent on field tests varies from 
transformer to transformer and testing time is normally more than 10 hours. 
Therefore, it is desirable that the time-consuming issue can be solved when FDS is 
applied in a real-time manner. 
 
Fig.3.11 Comparison between the reference signal (‘Ref’) and measured signal (‘Mea’) 
Square voltage 
A better method to reduce the measurement time is proposed in [13] and it has 
been used in commercial offline equipment called DIRANA that is manufactured by 
Omicron [111]. The method is to combine the time domain polarisation current 
measurements with Frequency Domain Spectroscopy. Specifically, Koch et al. use 
PDC results to shorten the testing time of very low frequency measurement from 
10−4 Hz to 100 Hz since it only takes 104 seconds for time domain measurement to 
finish low frequency measurement. And then time domain PDC results were 
transformed to frequency response by means of the Fast Fourier Transform algorithm 
(FFT) [124]. According to the principle of PDC measurement introduced in section 
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2.3, the excitation voltage is a square voltage or a step voltage excited the insulation 
system under test for 10
4
 seconds and the response current is measured as the 
polarisation current that is transformed to frequency domain data in DIRANA. The 
method works fine due to negligible noises involved for an offline test and thereby 
the frequency information obtained from FFT is acceptable under this circumstance. 
It is evident that FFT introduces large spikes in the frequency domain results, 
especially at high frequencies in Fig.3.13, which is an inevitable error source 
associated with a square waveform FFT process. In addition, DIRANA only focuses 
on dissipation factor that is a ratio value. Analysing the magnitude and phase shift of 
current response as for the conventional discrete sine response is impractical for a 
square waveform excitation. The basic reason is the phase shift of a square signal 
spectrum is a jumbled mess [67], illustrated in Fig.3.13. 
Problems will emerge for online dielectric response measurements since the 
square excitation is incapable of handling noisy environments and the FFT tends to 
worsen the situation because of large leakage at high frequencies. The simulation 
results under noisy environment can be found in section 4.1.2. 
 
Fig.3.12 Square waveform104 seconds at 1V 
 
Fig.3.13 FFT results of a square voltage 
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Chirp waveform 
A chirp waveform is proposed in the research as an alternative excitation 
waveform to address the time-consuming issue. The application of chirp to conduct a 
fast measurement can be used in the field of bio-impedance measurements in [125, 
126]. These studies used a single-cycle chirp, known also as a chirplet, to identify the 
variations of the poles and zeros of transfer function characterizing the state of the 
biological tissue. In [116], chirp was also mentioned as an excitation waveform for 
FRA measurements to reduce the measuring time but this study did not afford any 
further details of the chirp application. The main difference between chirp waveform 
and sinusoidal waveform is that the frequency of chirp varies with time. The 
instantaneous frequency f(t) is expressed as: 
𝑓(𝑡) =
𝑑𝜃(𝑡)
2𝜋𝑑𝑡
 (36) 
where θ(t) is the instantaneous phase. 
For the dielectric response measurements in the research, the chirp waveform 
excitation Vs(t) can be described as:  
𝑉𝑠(𝑡) = 𝐴𝑠𝑖𝑛 (2𝜋∫𝑓(𝑡)𝑑𝑡) (37)  
where A  is the constant magnitude; f(t)  is associated with the instantaneous 
frequency which increases with the time consumed.  
The duration of the chirp signal is not strictly limited by the lowest frequency 
as the sinusoidal signal is. The sweeping time of the chirp is determined by the 
resolution and analysis requirements of a particular application. Meanwhile, a chirp 
waveform is a better choice than a square waveform in online dielectric response 
measurement application because a chirp maintains the characteristics of sinusoidal 
waveform. This advantage facilitates a reasonable phase information extraction, 
which will be discussed in section 3.3. 
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Fig.3.14 (a) Relation between time and frequency of a chirp signal (b) The mean-squared spectrum of 
chirp signals 
The relationship between time and swept frequency can be linear, quadratic 
and logarithmic [125]. The comparison of the three relations and their mean-squared 
spectrum are illustrated in Fig.3.14 (a) and (b), respectively. In Fig.3.14 (a), the rate 
for increasing the frequency is different for each type of chirp signal. It is evident 
that logarithmic chirp spends more time on the low frequency band and then speeds 
up from 8000 seconds at around 0.16 Hz to 1 Hz within 2000 seconds. In other 
words, more energy is coupled with low frequency part for a logarithmic chirp 
compared with linear and quadratic chirp waveforms, which is shown in Fig.3.14 (b). 
The characteristic of the logarithmic chirp is important to dielectric current response 
measurements since the response current tends to increase monotonously with the 
frequency augmentation due to the capacitive feature of an oil-paper insulation 
system. Then the smallest value of the response occurs at the lowest frequency. 
Therefore, the chirp signal with a logarithmic frequency sweep can highlight the 
lower frequency band response by providing more energy in the band. The 
logarithmic chirp is written in equation (38). 
𝑉! 𝑡 = 𝐴𝑠𝑖𝑛 2𝜋𝑓!𝑡!ln !!!! !!! ((
𝑓!𝑓!) !!! − 1)  (38) 
where f! and f! are the initial and final frequencies, respectively; t! is the duration of 
the chirp signal. 
3.1.4 Summary 
The circuit design of online dielectric condition monitoring has many 
differences from the offline test, even though they are based on the same 
measurement principle－FDS. In this design, neutral connections are used as the 
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signal injection and measurement points. The circumstances of this application are 
discussed to ensure a safe and reliable measurement in an energised environment. In 
addition, a chip waveform excitation is chosen in order to save testing time for this 
online dielectric response measurement on the basis of the existing waveforms 
comparison utilised in the dielectric response measurement field. 
3.2 PRICIPLE OF OFFLINE BRIDGE CIRCUIT DESIGN 
The objective of this part is to improve the existing offline FDS measurements 
by applying new measurement methods and enhancing the existing FDS 
measurement method. In order to obtain the dielectric response only from non-
instantaneous polarisation components, a bridge circuit is designed to remove the 
large effects of geometric capacitance from the dielectric response. Imaginary 
admittance is proposed as an effective indicator to assist in the interpretation of the 
degradation effects in the insulation system after it is measured by the bridge circuit 
measurement. In this technique, a logarithmic chirp signal is used as excitation signal 
as well. 
3.2.1 Bridge circuit design 
A. Effects of geometric capacitance in dielectric response 
According to the theory of equivalent circuit of a multilayer oil-paper 
insulation system in Fig.2.8, C0  and R0  represent the geometric capacitance and 
insulation resistance of an insulation system, respectively. The RiCi (i = 1~n) 
branches represent the different polarisation processes occurring in an oil-paper 
insulation system associated with their relaxation time constants τi = RiCi. And the 
time constants reflect the condition of different parts of an oil-paper insulation 
system. The common interpretation of a time constant is that a large time constant, 
normally greater than 103 seconds, is coupled with the condition of solid parts while 
a small value, less than 102 seconds, corresponds to the degradation status of oil [4, 
94]. The interpretation in both FDS results and PDC results is illustrated in Fig.3.15. 
It is noticed that the position of the indicated areas (pressboard, oil, etc.) changes 
with different conductivity and permittivity so that they shift along the frequency 
axis [8]. During the ageing process, the resistance in the RiCi  branches tends to 
become smaller due to the increase in conductivity. The capacitance in the branches 
tends to increase due to the interfacial charge accumulation within the insulation 
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system [2][127]. These variations cause the gradual changes of time constant values 
of RiCi  branches. And the geometric capacitance C0  remains unchanged if the 
geometric structure keeps integrity during the ageing process. Therefore, it is 
desirable that the dielectric response of the RiCi branches could be measured directly 
which contributes to tracking the non-instantaneous processes in the ageing process 
and then assessing the condition of ageing status based on the contribution of the 
RiCi branches. 
 
Fig.3.15 (a) Dissipation factor and (b) Polarisation and Depolarisation Current 
The dielectric response current measured in the conventional FDS experiment 
is dominated by the response from geometric capacitance C0 branch, especially in the 
high frequency band, since the current of the C0 branch increases monotonously with 
the rise of the sweep frequency while the current from each RiCi branch in the model 
is influenced by their own time constants τi = RiCi and the maximum current value 
is determined by its resistance. This results in the current from C0  swamping the 
response from the rest of the circuit. The above phenomenon is illustrated by the 
current response shown in Fig.3.16 and Fig.3.17, respectively. The parameters of the 
equivalent circuit are found in [68].  
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Fig.3.16 Current response from branch 𝐶0 and 𝑅0 
 
Fig.3.17 Current response from 𝑅𝑖𝐶𝑖 branches 
 
Fig.3.18 Maximum of 6 branches response current 
The excitation waveform here is a logarithmic chirp waveform whose 
frequency increases with the measuring time logarithmically (frequency band from 
10−4 Hz to100 Hz). In this case, the magnitude of its corresponding response current 
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in time domain represents the frequency response variations as well. It is clear that 
the current response from C0 with a maximum 10
−5 A dominates the whole current 
response compared to the response currents passing through 𝑅0 and the other 6 RiCi 
branches responses in Fig.3.17. Further, the maximum of the current response in 
each branch reflects their ohmic losses since the greater the amount of conductive 
particles present, the larger the current that passes through. In Fig.3.18, the largest 
contribution is from branch 4, which means the ohmic loss is higher in that branch 
compared with the other 5 branches.  
Based on the theoretical analysis above, cancelling the governing effect of the 
geometric capacitance can facilitate highlighting and investigating the dielectric 
response from RiCi branches, which helps to enhance the knowledge of degradation 
condition of the non-instantaneous processes. 
B. Cancellation of geometric capacitance effect 
In order to remove the effect of geometric capacitance at the experimental 
stage, an AC bridge circuit is designed to measure the dielectric response. An AC 
bridge circuit, such as the Schering Bridge [128], is commonly used to measure loss 
tangent and capacitance. The basic configuration of an AC bridge circuit is shown in 
Fig.3.19.  
 
Fig.3.19 Generalised AC bridge circuit configuration 
The null detector in Fig.3.19 indicates if its terminals have the same potential. 
When the bridge circuit is balanced, there is no voltage deflection between the two 
terminals of the null detector, the impedance ratios of each branch must be equal, 
expressed in equation (39). According to the equation, the unknown impedance is 
calculated by the ratio of the other three as the voltage ratio of the pair of the voltage 
divider reaches an equal value.  
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𝑍1
𝑍3
=
𝑍2
𝑍4
 
(39) 
 
The design of the bridge circuit removing the geometric capacitance influence 
is based on the same principle. The difference in the research is to balance only part 
of the unknown impedance, that is, geometric capacitance of the insulation system. 
Fig.3.20 illustrates the bridge circuit configuration and its measurement principle. 
 
Fig.3.20 The bridge circuit to remove 𝐶0 influence 
In Fig.3.20, the first arm of the bridge has an adjustable standard capacitor with 
negligible internal resistance, whose function is to balance the geometric capacitance 
Co. The transformer under test is linked with the arm2 modelled as impedance ZTX. 
Arms 3 and 4 consist of the same kind of resistor whose resistance is 1 MΩ. The 
circuit is required to measure the dielectric response generated by RiCi branches so 
we use a differential amplifier connected with the both sides of the bridge circuit 
instead of a null detector in Fig.3.19. The output of the differential amplifier is 
expressed as: 
𝑉𝑑𝑖𝑓(𝜔) = 𝑉𝑠(𝜔)𝑍𝑅(
1
𝑍𝑇𝑋 + 𝑍𝑅
−
1
𝑍𝐶𝑥 + 𝑍𝑅
) 
(40) 
 
In (40), Vs(ω) is the source voltage; ZR represents the impedance on arms 3 and 4; 
ZCx is the impedance of the variable capacitance Cx. 
It is noticed that ZCx  and ZTX  represent the components of the transformer 
insulation system and the magnitude of them is normally in the Giga ohm range that 
is much greater than the magnitude of ZR. Then equation (40) can be rewritten as: 
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𝑉𝑑𝑖𝑓(𝜔) ≈ 𝑉𝑠(𝜔)𝑍𝑅(
1
𝑍𝑇𝑋
−
1
𝑍𝐶𝑥
) 
              = 𝑉𝑠(𝜔)𝑍𝑅(𝑌𝑇𝑋 − 𝑌𝐶𝑥) 
(41) 
 
𝐼𝑑𝑖𝑓(𝜔) ≈ 𝑉𝑠(𝜔)(𝑌𝑇𝑋 − 𝑌𝐶𝑥) (42) 
According to equation (22), the difference of the admittance is formulated as: 
𝑌𝑇𝑋 − 𝑌𝐶𝑥 = 𝑖𝜔𝐶0 +
1
𝑅0
+∑
𝑖𝜔𝐶𝑖
1 + (𝜔𝑅𝑖𝐶𝑖)2
𝑛
𝑖=1
− 𝑖𝜔𝐶𝑥 
(43) 
 
It is evident that the balance conditions are obtained when capacitance Cx is 
equal to C0 in equation (43). Under this balanced case, the response recorded from 
the differential amplifier is the response only from the RiCi branches plus R0. 
3.2.2 Imaginary admittance 
The measurement of the RiCi  branches is possible now by means of the 
designed bridge circuit. However, the dissipation factor and complex capacitance 
used as typical indicators in the conventional FDS measurements seem undesirable to 
describe the performance of RiCi  branches since their interpretation takes the 
influence from geometric capacitance C0 into consideration. Therefore, the following 
contents involve the investigations of an alternative indicator proposed especially for 
the proposed bridge circuit measurement. 
The alternative indicator should be capable of reflecting the characteristics of 
RiCi branch responses and facilitating the interpretation of the ageing process. On 
account of these objectives, the imaginary admittance response Y′′(ω) is put forward 
in order to capture the RiCi branches characteristics after cancelling the geometric 
influence. The imaginary admittance of an oil-paper insulation system has an 
expression as in (44) derived from (22). 
𝑌′′(𝜔) = 𝜔𝐶0⏟
𝑌𝐶0
′′(𝜔)
+∑
𝜔𝐶𝑖
1 + (𝜔𝑅𝑖𝐶𝑖)2
𝑛
𝑖=1⏟          
𝑌𝑅𝐶
′′(𝜔)
 (44) 
 
In the conventional FDS test, the response from C0  of Y
′′(ω)  (term YC0
′′ 
expressed in equation (44)) masks the response from non-instantaneous relaxation 
processes in the oil-paper insulation system (relaxation term YRC
′′ written in equation 
(44)). Fig.3.21 illustrates this phenomenon. The response from RiCi  branches, 
labelled as YRC
′′(ω), is masked by Y′′(ω) response due to the dominant influence 
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from C0 . The envelope of the YRC
′′(ω)  in equation (44) is constituted by 
superposition of the imaginary admittance of each branch with a maximum value 
showing as a ‘bump’ in Fig.3.21. The maximum value equals 1/(2Ri)  when 
ω = 1/(RiCi). These maximums in frequency domain correspond to the ones in time 
domain and Fig.3.22 summarises the phenomenon. 
 
Fig.3.21 Imaginary admittance frequency response 
 
Fig.3.22 Maximum correspondence between frequency (a) and time domain (b) 
To investigate the impacts of the bumps of each RiCi branch pertaining to the 
insulation degradation process, Fig.3.23 illustrates the envelope of the imaginary part 
of RiCi branches which is determined mainly by the bump responses from branches 1 
and 4. According to the expression, YRC
′′(ω) of (44), in terms of each branch, the 
lower the resistance is, the higher the bump shifts. And the resistance reduction is 
due to the increment of the ohmic loss as free charges appear in the insulation under 
test due to insulation deterioration. Also, the value of time constant, labelled by τ4 in 
Fig.3.23, determines the left or right frequency positions of the bumps along the 
frequency axis. And the positions of the bumps, that is time constant, are associated 
with different polarisation processes of the insulation system based on the theory of 
the equivalent circuit since each process has its own characteristic response time 
constant [68]. Therefore, the degradation status can be identified by the dominant 
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bumps’ magnitude and their frequency positions. Therefore, the bumps in the 
dominant RiCi branch responses can be regarded as a degradation index to assist the 
investigation of the insulation condition. Another advantage of the RiCi  branch 
response is that the parameters of the dominant branches (Ri and Ci) can be easily 
identified and calculated by measuring the bump maximum values 1/(2Ri) and the 
positions fi = 1/(2πRiCi)  without curve fitting procedure. Most importantly, the 
RiCi response can be measured directly through the bridge circuit designed in section 
3.2.1 on the condition that the geometric capacitance is balanced out. As a result, the 
imaginary part of YTX − YCx is the bump response from RiCi branches. 
 
Fig.3.23 Bump responses corresponding to the parameter variations of branch 4 
 
Fig.3.24 Oil-reclamation effects on imaginary admittance of RiCi branches 
The above theory can be confirmed and verified with the published data as well, 
which are found in [68] table III. The equivalent models are derived from a 
transformer before and after oil reclamation. Fig.3.24 shows the plot of imaginary 
admittance after removing geometric admittance effects before and after oil 
reclamation. Comparing the two plots, the bumps of branch 1 to branch 3, which 
respond to oil conductivity within 10−2 Hz to 100 Hz, are suppressed due to the oil-
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reclamation while the bumps of branches 4 to 6, representing the insulation condition 
in the solid part, remain the same during the process since the oil-reclamation 
process can only improve the condition of oil regardless of paper or pressboard. It is 
clear that the imaginary admittance of RiCi  branches YRC
′′(ω)  assists with better 
understanding the ageing status of the insulation system by identifying the distinct 
and governing branches. The following chapters will provide more evidence to prove 
the merits of imaginary admittance of RiCi branches. 
3.2.3 Correlation between time domain and frequency domain measurements 
This section describes the correlation between time domain measurements, 
including PDC and RVM and frequency domain measurements. Similar comparative 
studies have been done in [93, 129], but the methods used are relatively complex. This 
section proposes simple correlation methods. Although measurements applied by time 
or frequency domain methods are based on different principles, the performance of 
an oil-paper insulation system in each measurement can be simulated by its linear 
extended Debye equivalent circuit [1, 68, 130]. Therefore, the correlation is created 
according to the principle of equivalent circuit of the insulation system. In the 
meantime, the imaginary admittance of RiCi pairs YRC
′′(ω) discussed above is the 
indicator in frequency domain to link the results from time domain measurements. 
A. PDC and FDS 
The PDC can measure the response of the DC conductivity as well as different 
polarisation processes with respect to a long time step voltage [1, 5, 68, 71], as 
mentioned in section 2.3. Normally, charging and discharging processes are involved 
in the measurement to obtain the response currents: the polarisation current Ipol(t) 
and the depolarisation current Idep(t) . The polarisation current comprises the 
currents that originated from DC conductivity and current derived from the different 
polarisation processes activated by the external electric field. On the other hand, the 
depolarisation current is built up from the summation of different relaxation 
processes, which are only associated with the RiCi  pairs [68, 131]. Therefore, 
considering the equivalent circuit, the RiCi branches response YRC
′′(ω) can be used 
to fit the experimental depolarisation current results through exponential functions 
(45) and (46). Fig.3.25 displays the fitting results. 
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𝐼𝑑𝑒𝑝(𝑡) =∑(𝐴𝑖𝑒
−𝑡
𝜏𝑖 )
𝑛
𝑖=1
 
(45) 
𝐴𝑖 = 𝑈0
1 − 𝑒
−𝑡𝑐
𝜏𝑖
𝑅𝑖
 (46) 
Apparently, the correlation can be established between the depolarisation 
current and the imaginary part of admittance measured from the bridge circuit 
according to the same relaxation mechanisms coupling with the RiCi  branches 
response. The parameters of distinct and dominant RiCi  pairs identified from the 
imaginary admittance response can be used to simulate the depolarisation current. In 
addition, the measured depolarisation current can serve as a tool to verify the 
reliability and precision of the results from the bridge circuit measurements. This 
function will be applied in the experimental stage in Chapter 5:. One point about the 
correlation that needs to be emphasized is that this estimation can save on the time 
taken for obtaining depolarisation current. The time spent on PDC measurement is 
double the charging time so that completion of a single measurement including 
charging and discharging processes requires around 2 × 104  seconds if very low 
frequency response is necessary. While the time for the bridge circuit to obtain the 
equivalent results can be considerably reduced owing to chirp swept excitation and 
the omission of the charging procedure in frequency domain. 
 
Fig.3.25 Fitting results of the depolarisation current through RiCi branches 
B. RVM and FDS 
With regard to another time domain measurement, RVM, this research proposes a 
simple correlation method. This process can be seen as an effort to try to obtain RVM 
type data to facilitate the understanding of the FDS results. Many RVM results from 
both field and laboratory tests [3, 6, 132] indicate that the central time constant can 
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serve as a relatively reliable indicator of ageing and moisture content impacts on 
transformers. The ageing processes and moisture present in power transformers 
gradually change the values of capacitance and insulation resistance in the insulation 
system, whose effects can be interpreted by means of the equivalent circuit. 
Therefore, obtaining a comparable parameter to the central time constant in RVM by 
mapping FDS results is based on the linear equivalent circuit in this part. 
Single RC branch response 
As mentioned in 2.3.3, a series of the maximums of the return voltage with 
their corresponding charging times are recorded to form a polarisation spectrum. 
Considering a simple case first, it is assumed that there is only one branch in the 
model circuit (n=1) in Fig.2.8. This simple case is to investigate the linkage between 
RVM and FDS. The parameters in the circuit were found in the published data in 
[68]. Here, the single branch parameters are chosen as: R = 34 GΩ  and C = 0.1 nF. 
In Fig.3.26, the maximum occurs when the charging time tc is equal τ × ln 3, which 
is evidently approaching the relaxation time constant τ of the branch ( τ =
3.4 seconds). The RVM response simulation work is discussed in detail in Appendix 
A. 
Fig.3.26 (a) Simulation results of RVM spectrum and (b) Imaginary admittance with a single branch 
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Fig.3.27 Simulation results of (a) RVM spectrum and (b) Imaginary admittance corresponding to each 
branch in the 6-branch equivalent model 
The equivalent response in frequency domain shows a similar maximum. In 
Fig.3.26, a maximum of imaginary admittance is located at fc = 1/(2πτ). Therefore, 
the correlation between the two maximum value positions can be found by time 
constant since they are the function of branch time constant. 
Accordingly, for the 6-branch model in [68], the maximum plots of the 6 
branches in RVM show a mirror pattern with the ones in FDS since τi = RiCi in time 
domain matches with fci = 1/(2πτi)  in frequency domain shown in Fig.3.27. In 
conclusion, the correlation parameters can be found according to the maximums and 
their corresponding positions both in RVM and FDS results. 
Therefore, it is reasonable to deduce that the combined efforts of the maximum 
corresponding to each RiCi  branch contribute to the final envelope of the RVM 
polarisation spectrum and the imaginary admittance of the insulation system in FDS 
results. 
Extended Debye model response 
Considering the expression (44), the response of RiCi  branches, labelled as 
YRC
′′(ω)  in the equation, is associated with the mirror pattern in Fig.3.27. The 
response relation from the RVM and FDS results of a 6-branch model insulation 
system is shown in Fig.3.28.  
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Fig.3.28 Simulation results of (a) RVM spectrum and (b) Imaginary admittance of the 6-branch 
insulation model 
 
Fig.3.29 (a) Master scale curve and (b) Comparison between polarisation spectrum in RVM and FDS 
scaled spectrum response (A: the maximum in RVM; B: the estimated maximum) 
In Fig.3.28, the maximums on the two plots occur at 
tc = 166.81 seconds (0.001 Hz) in RVM and fc = 0.0014 Hz (114.54 seconds) in 
FDS, respectively. Here, branch 4 contributes more to the maximums than the others 
do. The occurrence of the maximums in Fig.3.28 is due to the similar degradation 
mechanism. In order to obtain the RVM spectrum based on the FDS results, it is 
necessary to analyse the deviation between the two curves. In Fig.3.28 (a), the effect 
of C0 in RVM, which cannot be cancelled as the way to obtain YRC
′′(ω) from RiCi 
branches according to the expression (44), emphasizes the high time constant region 
(low frequency part) compared with RiCi branches response in Fig.3.28 (b). The C0 
branch in the model in Fig.2.8 has an extremely small time constant causing the 
instantaneous charging and discharging process, which influences the magnitude of 
return voltage in small time constant branches. Therefore, a scale factor α is 
proposed in (47) to investigate the C0 effect mentioned above. It is found that the 
scale factor curve has a similar shape to the curve in Fig.3.29 (a), which is a master 
scale curve computed by averaging the scale factor from several RC equivalent 
models [7, 68, 130]. 
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α =
Polarisation Spectrum
Y𝑅𝐶
′′(t)| t=1/ω
 
(47) 
 
The fitting result of the master curve is expressed in (48). 
?̃? = [ 𝑎 × 𝑒𝑥𝑝(𝑏 × 𝑡) +  𝑐 × 𝑒𝑥𝑝(𝑑 × 𝑡)] × 10𝑒 
(48) 
where 2550 < a  3045, b = 0.0002064, c = – 2550; d= – 0.02317; e is a shift factor: 
it shifts the scaled curve along the Y axis and does not affect the position of the 
central time constant. Parameter ‘a’ controls the scale levels of the master curve with 
the purpose of covering diverse geometric influences on the RVM results. Therefore, 
a range is given for choosing to achieve high sensitivity of the mapping. Based on 
the equivalent models which are used to compute the master curve, a small value of 
‘a’ is appropriate for large geometric time constant 𝜏𝑔 = 𝐶0𝑅0 while a larger ‘a’ can 
be chosen for the insulation system with small 𝜏𝑔. The reduction of ‘a’ results in the 
increasing values of master curves in the large time constant region. The effects are 
illustrated in Fig.3.29 (a) marked with a red up arrow. 
By multiplying the master scale curve,  YRC
′′(ω) can be used to estimate the 
central time constant in RVM, expressed as follows: 
Scaled Polarisation Spectrum = α̃ ×  YRC
′′(t)| t=1/ω (49) 
Comparison between RVM polarisation spectrum and the scaled spectrum 
estimated from  YRC
′′(t) in FDS is illustrated in Fig.3.29 (b). It is clear that the 
central time constant in RVM can be predicted using the imaginary admittance since 
maximums (‘A’ from polarisation spectrum and ‘B’ from scaled spectrum) occur in a 
similar position. 
3.3 SIGNAL PROCESSING METHOD 
A proper waveform to reduce the measurement time is a logarithmic chirp 
waveform as discussed in section 3.1.3 C. An issue, which thereby arose to be 
addressed in this research, is how to effectively extract the frequency spectrum in 
terms of its phase and magnitude response from a chirp-like waveform signal. For 
the FDS measurements, the chirp waveform excitation Vs(t) can be described as:  
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Vs(t) = Msin(θ(t)) = Msin (2π∫ f(t)dt) (50) 
where M is the constant magnitude; θ(t) represents the instantaneous phase and f(t) 
is associated with the instantaneous frequency which increases with the time 
consumed. Consequently, the response current will have a chirp-like waveform 
coupled with information of an insulation degradation ‘fingerprint’ expressed as: 
𝐼𝑇𝑋(𝑡) = 𝐵(𝑡)𝑠𝑖𝑛 (2𝜋∫𝑓(𝑡)𝑑𝑡 + 𝜃
′(𝑡)) + 𝑛(𝑡) 
(51) 
The response current ITX(t) is represented by the magnitude attenuation B(t), 
phase shift θ′(t) coupled with the instant swept frequency and some additive noise 
𝑛(𝑡)  from the measurement. Moreover, the chirp signal used has a logarithmic 
frequency sweep for highlighting the lower frequency band response, which has an 
expression as: 
𝑓(𝑡) = 𝑓0 × 𝛽
𝑡 
(52) 
where β = (
f1
f0
)
1
t1 , f0  is the instantaneous frequency at time 0, and f1 is the 
instantaneous frequency at final time t1. 
A chirp-matched filter was designed based on the principle of a lock-in 
amplifier [133] to perform the task of extracting frequency domain information from 
a chirp-like waveform signal. This is used instead of using FFT processing in this 
application due to the non-stationary and nonlinear nature of a chirp signal. The filter 
involves sectioning and overlapping procedures according to Welch’s method [134] 
to make use of the sinusoidal orthogonality properties remaining in chirp-like signals. 
The algorithm of this filter is illustrated diagrammatically in Fig.3.30. In Fig.3.30, 
X(t) and R(t) are the two inputs of the filter while X(f) is the frequency output of 
X(t). X(t) and R(t) should have the same frequency swept rate, for instance the same 
expression as (52). Normally, a source waveform is chosen as the reference signal 
R(t), such as Vs(t) in the FDS measurements. The signal X(t) can be Vs(t) or ITX(t) 
with the corresponding outputs of the chirp-matched filter as Vs(f)  and ITX(f) , 
respectively. The chirp-matched filter involves two main procedures: ‘section’ and 
‘integral’. The following part takes the dielectric response measurement as an 
example to explicate the principle of the chirp-matched filter. 
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As illustrated in Fig.3.30, the chirp response current ITX(t) in the time domain 
is multiplied by a reference chirp in-phase (‘RI(t)’ in Fig.3.30) and in-quadrature 
(‘RQ(t)’ in Fig.3.30). Here, the voltage excitation Vs(t) in (50) is chosen as the 
reference chirp R(t). The outcomes of the multiplication are written in equation (53) 
and (54), respectively. And the subscripts ‘I’ and ‘Q’ represent the in-phase and in-
quadrature parts. n(t) is the noise coupled with the results. 
𝐼𝑇𝑋(𝑡)𝑅𝐼(𝑡) =
1
2
𝑀𝐵(𝑡)𝑐𝑜𝑠(𝜃′(𝑡)) −
1
2
𝑀𝐵(t)𝑐𝑜𝑠 (4𝜋∫𝑓(𝑡)𝑑𝑡 + 𝜃′(𝑡))
+ 𝑛𝐼(𝑡) 
(53) 
𝐼𝑇𝑋(𝑡)𝑅𝑄(𝑡) =
1
2
𝑀𝐵(𝑡)𝑠𝑖𝑛(𝜃′(𝑡)) +
1
2
𝑀𝐵(t)𝑠𝑖𝑛 (4𝜋∫𝑓(𝑡)𝑑𝑡 + 𝜃′(𝑡))
+ 𝑛𝑄(𝑡) 
(54) 
 
Fig.3.30 The principle of the chirp-matched filter 
After multiplication, the results are sectioned into overlapping segments. The 
aim of sectioning is to treat chirp waveform in a section time period as a sinusoidal 
waveform with a constant frequency. A prerequisite of the assumption is that the 
frequency rate should be low enough. The length determinant for each segment is the 
integer number of pseudo cycles of the multiplication results. The pseudo cycle is the 
name used to describe the approximated sinusoidal cycles in each segment. Before 
sectioning, it is thereby necessary to identify the cycles in the multiplied results. As 
for the discrete signals in the measurement, how many sample points collected in 
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exactly one cycle depends on the adopted sampling frequency. The method of 
finding the zero-crossing points in a discrete sine to determine a cycle may fail if 
there is no sample located at zero due to the sampling scheme. A better way is to find 
the local minimums of the cumulative sum of a discrete sine wave and the samples 
between two minimums constitute a cycle, which is illustrated in Fig.3.31. Here, the 
sample frequency is 100 Hz. Similarly, finding the local minimums on the 
cumulative sum of slow swept chirp waveform contributes to locating the index of 
samples within a pseudo cycle. It is necessary to emphasize that the indexes of these 
local minimums are fixed according to the multiplication between RI(t) and RQ(t) 
since the reference signal is noise free so that the samples within a cycle can be 
pinpointed. Otherwise, locating samples in a cycle is inaccessible when using the 
multiplication results between noisy X(t) and RQ(t) to find the local minimums since 
the local minimums are bound to be a mess, as shown in Fig.3.32 (b). So the samples 
in a cycle can be guaranteed in Fig.3.32 (b) by means of the fixed indexed local 
minimums in Fig.3.31 (b).  
 
Fig.3.31 (a) Sine wave with frequency at 2 Hz and (b) Cumulative sum of (a) 
 
Fig.3.32 (a) Noisy sine wave with frequency at 2 Hz and (b) Cumulative sum of (a) 
In terms of the section scheme after the cycle sample identification, Welch’s 
method is implemented to make the assumption that a logarithm chirp segment is 
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approximated as sinusoidal waves reasonable [134]. The overlapping section process 
is illustrated in Fig.3.33. Here, n1 is the pseudo cycles in each segment, n2 represents 
the number of overlapping pseudo cycles between two segments and n3 defines the 
number of ascending pseudo cycles to each following segment. The values of the 
three parameters n1, n2 and n3  are specified by users. The section method is the 
same as Welch’s equal length segmentation when n3 is equal to zero. Fig.3.34 
illustrates the ascending sectioning process and m is the total number of the pseudo 
cycles. The purpose of sectioning in an ascending manner is to reduce the noise level 
with more averaging samples when the frequency rate increases. 
 
Fig.3.33 Sectioning process (𝑆1 represents segment 1 while 𝑆2 illustrates segment 2) 
 
Fig.3.34 Ascending sectioning process 
Accordingly, the samples in the k-th segment are described as: 
SIk(p) = ITXk(p)RIk(p) or SQk(p) = ITXk(p)RQk(p) (55) 
p = Nmin−k~Nmax−k and k = 1, … , Ns  
where Sk(p)  is the sample in the k-th segment, which is the product between 
response ITXk(p) and the reference signal Rk(p) and the sequence numberp is the 
index from Nmin−k  to Nmax−k , which represent the minimum and the maximum 
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indexes in the segment. Ns  represents the total number of the segments. After 
sectioning, the frequency in each segment is approximated to a constant value f̂k 
based on the assumption of a sinusoidal waveform given by (56). 
f̂k = 10
αk 
(56) 
where αk =
∑ log10(fk(t))
Nmax _k
Nmin _k
Nmax _k−Nmin _k+1
and f̂k  represents the mean value of the logarithmic 
frequency in the k-th segment. 
Consequently, the expressions below are reasonably formulated: 
SIk(t) ≈
1
2
MB̂kcos(θ̂k) −
1
2
MB̂kcos(4πf̂kt + θ̂k) + nI(t) (57) 
SQk(t) ≈
1
2
MB̂ksin(θ̂k) +
1
2
MB̂ksin(4πf̂kt + θ̂k) + nQ(t) (58) 
where B̂k and θ̂k are the mean magnitude attenuation value and the mean phase shift 
in the k-th segment.  
As shown in Fig.3.30, the next step is integral after sectioning. The outputs XIk 
and XQk of the integral on equations (57) and (58) through the integer number of 
pseudo cycles are given by equations (59) and (60), respectively. 
XIk =
1
2
MB̂kcos(θ̂k) +
∑ nI(t)
Nmax _k
Nmin _k
Nmax _k − Nmin _k + 1⏟          
nI(t)̅̅ ̅̅ ̅̅ ̅
 
(59) 
XQk =
1
2
MB̂ksin(θ̂k) +
∑ nQ(t)
Nmax _k
Nmin _k
Nmax _k − Nmin _k + 1⏟          
nQ(t)̅̅ ̅̅ ̅̅ ̅̅
 
(60) 
The averaged noise nI(t)̅̅ ̅̅ ̅̅  and nQ(t)̅̅ ̅̅ ̅̅ ̅ will be attenuated close to zero. Therefore, 
the magnitude Magk(f̂k)  and phase Phk(f̂k)  at each segment frequency f̂k  can be 
extracted and expressed in (61) and (62). 
Magk(f̂k) = √(
2XIk
M
)2 + (
2XQk
M
)2 = B̂k (61) 
Phk(f̂k) = tan
−1(
XQk
XIk
) = θ̂k 
(62) 
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The chirp-matched filter is coded as a MATLAB function and its algorithm 
depicted below. 
 Algorithm:  Extraction the frequency results of chirp-like waveforms 
Input:𝑉𝑆(𝑡), 𝐼𝑇𝑋(𝑡),𝑛1, 𝑛2, 𝑛3 
Output:𝐈𝐓𝐗
∗(𝐟): 𝐌𝐚𝐠𝐤(𝐟), 𝐏𝐡𝐤(𝐟), 𝐟𝐤. 𝐤 = 𝟏,… , 𝐍𝐒 
1：Calculate  ITX(t)R(t) according to (53) and (54), respectively. 
2：Section the results in 1 according to the inputs n1, n2,  n3 and obtain SIk(t) and SQk(t) 
formulated in (57) and (58), respectively. 
3：fork =1 to NS do 
4：calculate f̂k in (56) and then 
XIk = ∫ SIk(t)𝑑𝑡/(Nmax _k − Nmin _k + 1)
Nmax−k
𝑘=Nmin−k
 
XQk = ∫ SQk(t)𝑑𝑡/(Nmax _k − Nmin _k + 1)
Nmax−k
𝑘=Nmin−k
 
Calculate Magk(f) and Phk(f) according to (61) and (62), respectively. 
5：end for 
6：ITX
∗(f) is extracted from a chirp-like waveform ITX(t) 
Fig.3.35 shows the results of the magnitude and phase information extracted by 
the chirp-matched filter from a chirp signal excitation compared with the responses 
derived from discrete individual sinusoidal excitation waveforms. The frequency 
band we are interested in this research is below 1 Hz. In Fig.3.35, the frequency 
range is chosen from 10−3 Hz to 100 Hz. The magnitude & frequency plot illustrated 
in the left shows that magnitude responses extracted from chirp and sinusoidal 
waveforms agree well with each other while small differences exist in phase 
responses in the right plot of Fig.3.35.  The differences are seen to mainly be because 
of minor distortions introduced by the chirp-matched filter when the sweep rate of a 
logarithmic chirp goes fast at high frequencies. Bearing these limitations in mind, 
there is a good fit between the extracted chirp and sinusoidal responses since the 
largest phase difference is less than 4 degree. The results indicate that a logarithmic 
chirp treated as an approximate sine wave in each segment is a reasonable 
assumption for the parameters chosen and produces good results. 
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Fig.3.35 Comparison of magnitude and phase spectrum of response current between a sinusoidal 
excitation and a chirp excitation 
3.4 SYSTEM IDENTIFICATION PROCESS 
In section 3.2.2, the dominant RiCi  branches performing as ‘bumps’ are 
discernable from the bridge circuit response and thereby the value of Ri and Ci are 
parameterised easily by measuring the bump maximum values 1/(2Ri)  and the 
positions fi = 1/(2πRiCi). However, the parameters Ri and Ci of the buried branches 
still require the curve fitting or optimization method to identify. In terms of the 
conventional FDS measurement, nonlinear data fitting procedures are involved to 
obtain the parameters of an equivalent model [83, 135]. It is noticed that the method 
used to extract the frequency domain dielectric response coupled with discrete sine 
waveform is free of distortions by means of the procedure illustrated in Fig.3.11. On 
the other hand, the transformation from time domain to frequency domain for a chirp 
waveform relies on some assumptions, which cause the uncertainties relating to the 
magnitude and phase response. The introduction of the chirp waveform to the FDS 
measurement has the advantage of solving the time-consuming issue arising from the 
utilisation of a series of conventional discrete sinusoidal excitation waveforms. The 
measuring time can be reduced as long as the frequency resolution for the dielectric 
response measurements meets the analysis requirements. However, the method 
inevitably introduces distortions in the frequency domain results derived from chirp 
demodulation process covered in section 3.3. The distortions associated with the 
dielectric response are caused by the assumption that a chirp-like waveform in each 
short time section is regarded as sinusoidal waves. Apparently, the faster the chirp 
waveform sweeps, the greater the amount of distortion generated in the results. In 
addition, none of the curve fitting methods is capable of cancelling out the distortion 
effects during the parameterising process. Therefore, a unique identification 
procedure taking distortion effects into account is designed in the research, which is 
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depicted in Fig.3.36. There are two approaches involved in the process: the 
experimental approach and the simulation approach. A reasonable transfer function 
of the insulation system under investigation is determined by comparing the 
frequency responses computed from the two approaches. In this way, the frequency 
responses carry the exact same distortions that originated from the chirp-matched 
filter. Hence, the differences after the comparison are only from the discrepancies 
between the estimated transfer function and the insulation system under investigation. 
Thus, the distortion effects from the chirp-matched filter are removed without 
affecting the model estimation process. 
 
Fig.3.36 System identification process for the proposed FDS measurement 
3.4.1 Experimental approach 
The objective of the approach is to collect the results from the bridge circuit 
measurement on a transformer and obtain the initial estimated transfer function from 
the results. This initial solution is coupled with the distortions from the chirp 
waveform demodulation process. Fig.3.37 describes the flow chart of the initial 
transfer function estimation process. In terms of the initial transfer function 
estimation algorithm in Fig.3.37, the minimum solution for the curve fitting is 
searched iteratively by the damped Gauss-Newton method [136]. The objective 
function, expressed in (63) of this algorithm is to minimize the weighted sum of the 
squared error between the actual and the desired frequency response points, which 
are h(k) and 
B(w(k))
A(w(k))
, respectively. 
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min
𝑏,𝑎
∑𝑤𝑡(𝑘)|h(k) −
𝐵(ω(k))
𝐴(ω(𝑘))
|2
𝑛
𝑘=1
 
(63) 
where wt is the weighting factors. 
 
Fig.3.37 Initial transfer function estimation for the insulation system 
3.4.2 Simulation approach 
The estimated transfer function together with the equivalent parameters Ri and 
Ci are then used as the insulation model to simulate the dielectric response current 
excited by the same chirp waveform voltage, illustrated in Fig.3.36. After the time 
domain chirp-like response is demodulated by the chirp-matched filter, the frequency 
response YS
∗(f) from the simulation path is bound to possess the same distortions as 
the response Y∗(f) from the experimental path. Another curve fitting process starts 
by minimizing the least square error between the two responses. The current version 
of the fitting process is achieved by adjusting R and C values through graphical user 
interface (GUI) programming by GUIDE (GUI Development Environment) in 
MATLAB. The GUI is shown in Fig.3.38. The main parts of the GUI are marked in 
the figure. 
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Fig.3.38 User interface for adjustment 
3.5 SUMMARY 
Online and offline dielectric condition monitoring methods are proposed to 
improve the performance of the conventional FDS measurement. The online 
measurement circuit design helps to solve the main issues as implementing the FDS 
on an operational transformer and the offline bridge circuit uncovers the slow 
polarisation processes in the insulation system under test by measuring the imaginary 
admittance, which facilitates interpreting the degradation status as a new degradation 
indicator. The parameters to model the slow polarisation processes can be extracted 
by a bidirectional system identification process. Also, a saving in measuring time for 
the very low frequency measurement can be achieved through the method of 
applying chirp waveform excitations and the chirp-matched filter.  
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Chapter 4:  Results from Simulation Work 
Chapter 4 details the simulation studies related to the methodology on 
measurement circuit design described in Chapter 3. The preliminary simulation 
studies of the online and offline measurement circuits rely on the application of the 
chirp-matched filter to extract the frequency domain dielectric response. Therefore, it 
is necessary in this chapter to start with a comprehensive investigation of the 
performance of the chirp-matched filter. With the aid of the circuit noise 
measurement results, the noise rejection ability of the chirp-matched filter is 
discussed first and the results are compared with the other possible waveforms and 
their FFT responses. Also, the mechanism of sweep rate determination of the chirp 
waveform is revealed and analysed in the following part to help engineers to choose 
the sweep time for particular applications. In section 4.2, simulation works are 
designed and completed by taking practical problems into considerations. 
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4.1 CHIRP-MATCHED FILTER PERFORMANCE ANALYSIS 
This part begins with the circuit noise analysis to provide an initial method of 
simulating the noise that appears in the experiment. 
4.1.1 Measurement Circuit Noise analysis 
 
Fig.4.1 Experimental noise response from the designed measurement circuit 
 
Fig.4.2 Power Spectral Density estimate of the noise response 
The chirp-matched filter serves as the last step for the signal processing in the 
designed measurements. Although the high frequency noise above 1 Hz at this stage 
is attenuated considerably by the low-pass filter system equipped with the 
measurement system, the signals obtained after the filter system are still subjected to 
noise interference. This noise is generated from the measurement circuit and the 
laboratory environment, such as noise picked up by the testing cables or the 
transformer tank. As for the offline bridge test, similar sources of noise are expected 
as well. The prerequisite for the noise simulation requires noise measurement on the 
designed circuits to recognise the pattern of the noise under investigation. The noise 
was recorded by performing the measurements according to the set-up referred to 
Fig.3.3. Under this circumstance, the input excitation voltage was set to zero so that 
the response current recorded into the computer was the response solely from noise. 
Fig.4.1 shows the results digitised into the computer. There is a very slow DC drift 
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associated with the response due to the op amp drift, which exert no influence on the 
spectrum analysis. The time for the noise record was 104 seconds (2.8 hours). And 
the Power Spectral Density (PSD) spectrum of the noise response is displayed in 
Fig.4.2. According to its PSD spectrum, the noise is the pink or 1/f noise since its 
PSD is inversely proportional to the frequency under investigation. Although the 
amount of noise is quite small from the measurement, it is relatively substantive 
compared with the dielectric response current from the insulation system, which 
could be under pico-Amps range. Hence, the noise at the chirp-matched stage is 1/f 
noise and can be simulated by writing a MATLAB code. The simulated noise is 
shown in Fig.4.3. 
 
Fig.4.3 Simulated 1/f noise 
4.1.2 Noise rejection ability 
One advantage of chirp processing in the measurements is that only the swept 
frequencies are measured at the time when the swept sine wave is injected. The 
inherent property of using the chirp signal is a very high rejection of noise terms. The 
application of the chirp waveform excitation together with the chirp processing 
method considerably reduces the measuring time for the dielectric response 
measurement. As mentioned in section 3.1.3C, Koch also proposed a fast 
measurement approach to reduce the time by means of obtaining FFT results of 
dielectric response excited from a square waveform source. The method is 
satisfactory for the offline measurement according to the results published in the 
literature [13, 118]. Although it is unknown which signal processing schemes were 
used in addition to FFT processing, the noise removing abilities of the chirp-matched 
filter and FFT method are compared with each other on the basis of the simulation 
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structure depicted in Fig.4.4. The 1/f noise is added into the current response I1(t) 
and I2(t) and the simulation results are shown in Fig.4.5 and Fig.4.6, respectively. 
Before being transformed from time domain to frequency domain response, the 
responses have similar Signal Noise Ratios (SNR) whose values are listed in Table 
4.1. The outcomes processed by the chirp-matched filter are then compared with FFT 
results corresponding to the square waveform and chirp waveform responses. The 
dark green curves plotted in Fig.4.7 and Fig.4.8 illustrate that the chirp-matched filter 
has good capability of extracting the frequency response from a noisy chirp signal 
and the response matches well with the ideal frequency spectrum. On the other hand, 
the responses from FFT are correlated with substantive leakages that make the 
response unsuitable for insulation degradation diagnosis under a noisy environment. 
Further, the noise rejection ability of the transformation procedures mentioned above 
is quantified as SNR values. The results are summarised in Table 4.1, in which both 
magnitude and phase responses are included. In conclusion, the reasonable dielectric 
response excited by the square waveform is inaccessible under noisy circumstances. 
 
Fig.4.4 Simulation structure for results comparison 
 
Fig.4.5 The square excitation 𝑉𝑆1(𝑡) and its current response 𝐼1(𝑡) 
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Fig.4.6 Chirp excitation 𝑉𝑆2(𝑡) and its current response 𝐼2(𝑡) 
 
Fig.4.7 Admittance response 𝑌∗(𝑓) 
(FFT-1: FFT results corresponding to square waveform response; FFT-2: FFT results corresponding 
to chirp waveform response; Chirp-matched: results from the chirp-matched filter; Ideal: ideal 
frequency response from the RC model) 
 
Fig.4.8 Dissipation factor tanδ(f) 
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Table 4.1 SNR simulation current response results 
Excitation 
waveform 
SNR before 
processing /dB 
Processing 
Methods 
SNR after processing /dB 
Magnitude Phase 
A square 
waveform 
28.8 FFT 
Too noisy to be plotted in 
the same axis 
5.8 
A chirp 
waveform 
28.8 FFT 33.2 10.6 
A chirp 
waveform 
28.8 
Chirp-
matched filter 
43.6 22.6 
4.1.3 Sweep rate investigations 
Theoretically, there is a minimum sweeping time in terms of a chirp signal 
containing an integer number of cycles. The duration is the time for a single swept 
cycle chirp, which can be calculated by (64). For the frequency band from 10−4 Hz 
to 100 Hz, this time is 9.2 seconds. 
𝑡1 =
1
𝑓
1
ln (
𝑓1
𝑓0
) 
(64) 
However, with respect to dielectric response measurements in the real world, 
how fast the chirp excitation can sweep relies on the frequency resolution of the 
responses obtained from the chirp-matched filter. As mentioned in section 3.3, the 
frequency samples are collected and calculated according to the equation (56) after 
the section process. And the number of segments Ns computed from the sectioning 
step determines the number of the frequency points coupled with the dielectric 
response. Therefore, the way of sectioning specified by parameters n1, n2 and n3 
decides the frequency resolution of the outputs of the chirp-matched filter. The 
phenomenon is revealed in Fig.4.9 as well as Fig.4.10, respectively. The highest 
level of the resolution is reached according to the parameter setting as shown in 
Fig.4.9. Otherwise, the resolution is reduced through specifying the parameters in 
order to implement the overlapping and progressing sectioning process. The example 
is indicated in Fig.4.10.  
Further, the extracted points are scattered unequally in log scale due to the 
logarithmic properties of the chirp, namely, sweep a long time in the low frequency 
range while a short time in the high frequency range, and the inherent section scheme 
of the chirp-matched filter. The relatively poor resolution happens in the lowest 
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frequency band, such as from 10−4 Hz to 10−3 Hz, to which we should pay attention 
when parameterising n1, n2 and n3. By contrast, high-frequency events have a good 
resolution due to the fast sweep rate. Fig.4.11 (a) illustrates the reduction of 
frequency resolution when the sweep time is speeded up while Fig.4.11 (b) shows the 
underlying downfalls of the number of pseudo cycles with the augmentation of the 
sweep time which causes the descending resolution.  
Above all, it is evident that determining the sweep rate for a chirp waveform 
calls for considering whether the frequency resolution within the low frequency band 
satisfies the application requirements. 
 
Fig.4.9 Frequency resolution plots: (a) Frequency-time relation; (b) Magnitude of simulated dielectric 
current response (Ns = 2605 𝑤ℎ𝑒𝑛 𝑛1 = 1, 𝑛2 = 𝑛3 = 0 ) 
 
Fig.4.10 Frequency resolution plots: (a) Frequency-time relation; (b) Magnitude of simulated 
dielectric current response (Ns = 37 𝑤ℎ𝑒𝑛 𝑛1 = 10, 𝑛2 = 8, 𝑛3 = 4 ) 
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Fig.4.11 (a) Resolution plot with the sweep time increment; (b) Number of total cycles in the chirp 
waveform (T=20000 seconds) 
4.2 SIMULATION WORKS ON PROPOSED MEASUREMENTS 
4.2.1 Online measurement simulation 
To effectively validate and test the proposed online dielectric measurement 
design, it is necessary to conduct simulation works to obtain preliminary 
investigations on the feasibility of the method. As discussed in section 3.1.3, the 
whole procedure for measuring and obtaining the dielectric response consist of three 
steps: 1) signal injection and measurement through neutral connections; 2) analog 
filter system processing; 3) chirp-matched filter processing. Further, two main 
sources introduce noise into the measurements. One is the neutral current at power 
frequency and the other is generated from electrical circuits as well as low frequency 
noise picked up from the environment. Integrating with the above contributing 
factors, the simulation schematic diagram is summarised in Fig.4.12. The model of 
the neutral noise can be referred to in Appendix C and the 1/f low frequency noise is 
simulated according to the measurement results in section 4.1.1. 
 
Fig.4.12 Simulation schematic diagram 
According to the simulation procedure in Fig.4.12, the chirp waveform 
excitation VS(t) is applied on the insulation model and the dielectric current response 
ITX(t) is then obtained through Simulink, the simulated results can be seen in Fig. 
4.13. At this stage, the response is added with neutral current IN(t)  as noise to 
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simulate the real situation happening in the neutral connections of an operating 
transformer. The noisy response, labelled as ITX
′(t) , is transferred as the input 
voltage of the low-pass filter system when flowing through the earthing resistor Rn. 
The noise coupled with frequency above 1 Hz is attenuated considerably owing to 
the combined passive and active low-pass filters; the output Vout(t) is expected to be 
amplified about 106 times and coupled with tolerant low frequency noise. Further, 
another noise source is involved in the response, which is the simulated 1/f noise in 
section 4.1.1. The distorted voltage Vout
′(t), shown in Fig.4.14, is then transformed 
into frequency domain response by means of the chirp-matched filter. Inevitably, the 
low-pass filter process introduces distortions into the final results, such as magnitude 
attenuation and phase shift when frequency is approaching the corner frequency of 
the filter. Therefore, calibration is necessary. As for the simulation study, the 
distortions can be recorded and identified by passing the excitation voltage through 
the low-pass filter system. So any distortions generated by the system are correlated 
with the filtered response. The whole calibration process can be expressed in the 
following equations. 
𝑀𝑎𝑔𝑑(𝑓) =
𝑀𝑎𝑔(𝑉𝑆
′∗(𝑓))
𝑀𝑎𝑔(𝑉𝑠∗(𝑓))
 (65) 
𝑃ℎ𝑑(𝑓) = 𝑃ℎ(𝑉𝑆
′∗(𝑓)) − 𝑃ℎ(𝑉𝑠∗(𝑓)) 
(66) 
Magd(f) describes the magnitude of the distortions including the gain in the active 
filter and the attenuation of the combined filters and Phd(f) is the phase shift created 
by the filter system. Fig.4.15 displays the filter distortions existing in magnitude and 
phase. 
Accordingly, the dielectric current response from the insulation system can be 
extracted after removing the distortion spectrum from the output of the filters, written 
in (67) and (68), respectively. 
𝑀𝑎𝑔𝑇𝑋(𝑓) =
𝑀𝑎𝑔(𝑉𝑜𝑢𝑡
′ ∗(𝑓))
𝑀𝑎𝑔𝑑(𝑓) ∗ 𝑅𝑛
 (67) 
𝑃ℎ𝑇𝑋(𝑓) = 𝑃ℎ (𝑉𝑜𝑢𝑡
′ ∗(𝑓)) − 𝑃ℎ𝑑(𝑓) (68) 
The simulation works were achieved by writing MATLAB scripts and running 
Simulink. The parameters of the Debye extended equivalent circuit come from the 
published data in [68] (After oil-reclamation). The main selective results are plotted 
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in the figures below. The parameters in the chirp-matched filter are set as n1 = 6,
n2 = 3, n3 = 2 and the sample frequency of the simulation is 50 Hz. 
 
Fig.4.13 Chirp voltage excitation 𝑉𝑆(𝑡) and its undistorted dielectric current response 𝐼𝑇𝑋(𝑡) 
 
Fig.4.14 Input of the chirp-matched filter 𝑉𝑜𝑢𝑡′(𝑡) and its power spectrum 
 
Fig.4.15 Magnitude attenuation and phase shift of the filter distortions 
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Fig.4.16 Dielectric current spectrum after calibration 
Fig.4.16 shows that the results obtained from the simulation work, labelled as 
‘Sim’, show good agreement with the ideal frequency responses of its equivalent 
model though there are tiny but bearable differences in phase response. These 
differences in phase are mainly due to the noise associated with the filtered response 
current. In light of the simulation work results above, the simulated passive and 
active low-pass filter system can effectively reject the neutral noise at power 
frequency and significantly attenuate the noise above 1 Hz. In addition, the proposed 
chirp-matched filter is able to extract the frequency response of the dielectric current 
in the presence of the simulated 1/f noise with assistance of the calibration process. 
Above all, it is evident that the proposed method of measuring the dielectric response 
current in the simulated online circumstance is feasible and achievable, which sets a 
solid preparation for the experimental works in the next chapter. 
4.2.2 Bridge circuit measurement simulation 
The proposed bridge circuit is designed to balance the large amount of the 
geometric response out of the entire dielectric current response and to extract the 
non-instantaneous polarisation processes as the final output. Noise is not an issue for 
this offline measurement. As mentioned in section3.2.1, the bridge circuit is balanced 
as the adjustable capacitance Cx equals the geometric capacitance C0. However, in 
practice, it is difficult to reach the balance absolutely since errors between Cx and C0 
exist all the time in the real world and cannot be totally eliminated. The criterion of 
determining the balanced status is to make sure the chirp-like differential voltage at 
the highest frequency is reduced to the smallest value, which suggests the 
capacitance Cx  is approaching extremely close to the geometric capacitance C0 
through the adjustment. Then the simulation works below help to identify the balance 
condition of the measurement. The differential current response Vdif(t)/R1  was 
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obtained through the Simulink diagram in Fig.4.17 and then transformed into 
frequency response by the chirp-matched filter. Three cases of potential balance 
conditions were simulated: case 1: perfect adjustment as Cx = C0 ; case 2: over 
adjustment as Cx > C0; case 3: under adjustment as Cx < C0. The results are listed in 
Table 4.2. 
 
Fig.4.17 Simulink schematic diagram 
Table 4.2 Balance condition identification 
Balance condition Frequency spectrum of the current difference 
Case 1: 𝑪𝒙 = 𝑪𝟎 
 
Case 2: 𝑪𝒙 > 𝑪𝟎  
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Case 3: 𝑪𝒙 < 𝑪𝟎 
 
According to the frequency response in Table 4.2, it is easy to recognise the 
balance condition of the bridge circuit measurement and adopt curve fitting strategies 
to compensate the errors between Cx  and C0  derived from the adjustment by 
identifying the differential value of capacitance. For the balanced condition, the 
small differences in phase are due to the same reason as mentioned in section 3.3 that 
minor distortions are introduced by the chirp-matched filter when the sweep rate of a 
logarithmic chirp goes fast at high frequencies. 
4.3 SUMMARY 
Adequate simulation studies are presented in the chapter. The results provided 
by the chirp-matched filter performance simulations provide further understanding of 
the application considerations coupled with the chirp waveform. It is possible for 
engineers to expand the applicable fields related to chirp waveform signals. Also, the 
simulation works on the designed online and offline measurement circuit help to test 
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the reliability and validity of the proposed online and offline measurement 
techniques. The results serve as preliminary preparations for the experimental stage 
in the following chapter. 
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Chapter 5: Experimental Laboratory Work 
on Transformers 
This chapter concentrates on the experimental investigations on the approaches 
proposed in the previous chapters. The three objectives detailed in section 1.3 are 
practically achieved based on the following laboratory works. The first part presents 
the results obtained from the bridge circuit measurements. As a part of the processing 
techniques, a compensation method is introduced. The results of time domain PDC 
measurements are shown in the following section, demonstrating the reliability of the 
bridge circuit results and evaluating the simulation based assumption of the RVM 
results estimation. The next two sections primarily focus on the online measurement 
technique. Firstly, the conventional offline FDS measurements are used to verify the 
proposed function of the circuit for online measuring application. Further, their 
results are collected to make a comparison with the online dielectric responses to 
help to discern any nonlinear phenomenon. Secondly, the novel online FDS 
measurements were applied to power transformers. The online dielectric 
phenomenon is presented and interpreted in section 5.5 and a faster online 
measurement is carried out as well. The outcomes from the chemical tests on oil 
samples extracted from the power transformers under test, which serve as the 
additional evaluation of the proposed techniques, are obtained in the last section of 
this chapter. 
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5.1 OVERVIEW OF THE EXPERIMENTS 
The proposed measurement methods, online and offline methods mentioned in 
Chapter 3 were applied on two SWER (Single Wire Earth Return) transformers as 
well as a large 3-phase transformer. The details on the nameplates on the 
transformers under test, voltage transformers and their photos are shown in Fig.5.1, 
Fig.5.2 and Table 5.1, respectively. It is noted that ‘T1’, ‘T2’ and ‘T3’ are used to 
refer to the transformers detailed in the table below in all proceeding work. 
Table 5.1 Nameplate details of the tested transformers 
Terms 
Transformer 1 
(T1) 
Transformer 2 
(T2) 
Transformer 3 
(T3) 
Voltage 
Measurement 
Transformer 
Winding 
configuration 
SWER SWER Delta-Wye Single-phase 
Manufacture 
year 
1959 2004 2011 -- 
Age 
30 years of 
service 
In service 
New transformer 
(never in service) 
-- 
kVA 5 10 200 0.05 
Volts HT /V 12,700 13,900 11,000 11,000 
Volts LT /V 250 250 433 110 
Amps HT /A 0.394 0.719 10.5 -- 
Amps LT /A 20 40 267 -- 
IMP 3.5% 3.3% 4.08% -- 
Temp rise /Deg 60 65 65 -- 
Frequency /Hz 50 50 50 50 
Oil /L 21.68 48 240 -- 
Total weight /kg 106 140 1050 33 
Manufacture 
PWA Electrical 
Industries 
ABB Transformer Wilson 
Schneider 
Electric 
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Fig.5.1 Photographs of transformers under test T1, T2 and T3 
 
Fig.5.2 Voltage Transformer (VT) (phase-phase) OVC2/S1 and its nameplate 
Four types of the dielectric response measurements were performed and 
included in the chapter. The aims of these measurements are listed in Table 5.2. It is 
noticed that the measurement results are presented according to the order in Table 
5.2. Between measurements, the terminals of the transformers were shorted together 
and earthed along with the transformers tanks. The time interval between 
measurements was at least one day so as to eliminate the effects of dielectric memory 
on the following measurements. For all the measurements presented in the thesis, the 
sample frequency is 50 Hz. 
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Table 5.2 Aims of the measurements 
Order Measurement Aims 
1 
Offline bridge circuit 
measurements 
To test the performance and feasibility of the designed 
bridge circuit and extract the imaginary admittance 
response under balanced condition for assessing the non-
instantaneous polarisation processes. Further, the RC 
branch parameters can be fitted from the imaginary 
admittance responses. 
2 
Time domain PDC 
measurements 
To demonstrate the consistency and accuracy of the 
measurements detailed above. The fitted Debye equivalent 
circuits in the bridge measurements are used to simulate 
the depolarisation current which should agree with the 
PDC measurement results. The details about the fitting 
used are in [68]. 
3 
Conventional FDS 
measurements with a chirp 
excitation 
To compare with the results from the proposed online FDS 
measurements to detect any discrepancies owing to the 
energised environment or measurement errors and to assist 
with the interpretation of the online dielectric response. 
The results were compared with the equivalent circuits 
identified in the measurements in order 1 and 2 to 
demonstrate the validity of the measurement circuit. 
4 
Proposed online FDS 
measurements under 
energised conditions 
To test the performance and feasibility of the designed 
circuit and investigate the dielectric response of the 
energised transformer insulation systems as well as 
provide an initial interpretation correlated to degradation 
assessment under an energised environment. 
5.2 BRIDGE CIRCUIT MEASUREMENTS 
 
Fig.5.3 Experimental arrangement of the bridge circuit test 
Fig.5.3 shows the experimental arrangement on a single-phase transformer. 
The principle can be found in Fig.3.20. The excitation waveform is generated by 
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Simulink installed in the laptop; the analog voltage after digital to analog converter 
(DAC) operation is amplified and then applied to the transformer insulation system. 
The differential voltage in the balanced condition is recorded by the Data Acquisition 
toolbox in Simulink. The balanced conditions are achieved in the experimental stage 
as the magnitude of the highest frequency response reaches the minimum value by 
means of the adjustment of the variable capacitance Cx . A logarithmic chirp 
waveform serves as the excitation waveform of Vs(t)  in the bridge circuit 
measurement, which helps to reduce the measuring time. In the measurements, the 
frequency band chosen was from 10−4  Hz to 100  Hz to capture the very low 
frequency dielectric response and the sweeping time for the chirp was only 1.2 × 104 
seconds (3.3 hours). It is noticed that the common measuring time for the very low 
frequency offline dielectric measurements (down to 10−4 Hz) is more than 10 hours 
[14]. Therefore, the measuring time is reduced about 70% owing to the chirp signal 
and its processing method. The transformation from time domain to frequency 
domain was carried out by the chirp-matched filter.  
5.2.1 Open/short/load compensation method [137] 
The designed bridge circuit cannot absolutely cancel the geometric capacitance. 
The differential voltage Vdif(t)  signal obtained from the differential amplifier 
inevitably contains a small amount of residual geometric capacitance, which is still 
significant as the frequency increases to 1 Hz. In order to remove the geometric 
capacitance at the extreme extent, the exact value of the geometric capacitance of the 
insulation system is necessary to help to reduce the effects of the residual capacitance. 
Therefore, open/short/load compensation technique is adopted here as part of the 
post-processing method to calibrate the measurement circuit to produce true 
admittance measured. The measurement errors due to filters, op amps, capacitors and 
resistors used in the circuit can be compensated after the calculation. The formula 
derivation procedure of this technique can be found in Figure 4-6 in [137]. The 
compensation method can be implemented after the bridge circuit measurement on 
the transformer under test is completed with the variable capacitor adjusted. Three 
steps are then involved in the compensation process, that is, open, short and load the 
terminals of arm 2 of the bridge circuit shown in Fig.5.4. When the terminals are 
open, the voltage excitation is recorded as 𝑉1𝑜  and its corresponding differential 
voltage is labelled as 𝑉𝑑𝑖𝑓𝑜  to form one part of the results. When the terminals are 
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short, the excitation 𝑉1𝑠  and differential voltage response 𝑉𝑑𝑖𝑓𝑠  are recorded as 
another part of the results. To carry out the load compensation, a load whose 
impedance value 𝑍𝑠𝑡𝑑  is accurately known and close in value to the adjusted 
capacitance 𝐶𝑥  is selected and connected with the terminals of arm 2. The results 
𝑉𝑑𝑖𝑓𝑠𝑚 and 𝑉1𝑠𝑚 are then collected as well. Here, the excitation voltage waveform 
has the same sweep rate and frequency band as the one applied on the transformer 
measurement. The corrected impedance of insulation under test can be calculated 
based on the results obtained above and the expression is shown below. 
𝑍𝑑𝑢𝑡 = 𝑍𝑇𝑋 =
(𝑍𝑠 − 𝑍𝑥𝑚)(𝑍𝑠𝑚 − 𝑍𝑜)
(𝑍𝑥𝑚 − 𝑍𝑜)(𝑍𝑠 − 𝑍𝑠𝑚)
𝑍𝑠𝑡𝑑 
                               =
(
𝑉1𝑠
𝑉𝑑𝑖𝑓𝑠
−
𝑉1𝑥𝑚
𝑉𝑑𝑖𝑓𝑥𝑚
) (
𝑉1𝑠𝑚
𝑉𝑑𝑖𝑓𝑠𝑚
−
𝑉1𝑜
𝑉𝑑𝑖𝑓𝑜
)
(
𝑉1𝑥𝑚
𝑉𝑑𝑖𝑓𝑥𝑚
−
𝑉1𝑜
𝑉𝑑𝑖𝑓𝑜
) (
𝑉1𝑠
𝑉𝑑𝑖𝑓𝑠
−
𝑉1𝑠𝑚
𝑉𝑑𝑖𝑓𝑠𝑚
)
𝑍𝑠𝑡𝑑  
(69) 
where V1 is the voltage excitation. Vdif is the differential voltage corresponding to V1 
under the balanced condition. The subscript s represents short response; xm is the 
transformer response; o is the open response; sm is the load response. 
 
Fig.5.4 The open/short/load compensation method on the bridge circuit 
The open/short/load compensation results of T1, T2 and T3 can be found in 
Appendix D. The corrected admittance response of the T1 insulation system 
according to the compensation method is illustrated in Fig.5.5. 
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Fig.5.5 Corrected admittance response of T1 insulation system 
In Fig.5.5, the geometric capacitance is fitted by a pure capacitive response 
with capacitance 0.363 nF and the geometric capacitance C0 is dominant above 10
−2 
Hz. Moreover, the low frequency response from the compensation method is too 
noisy to be used since the responses of open-circuited responses within the low 
frequency band are too small to be recorded by the current version of the measuring 
system, illustrated in Fig.D.2. Therefore, the geometric capacitive response in the 
high frequency band is removed by subtracting the fitted capacitance response. The 
subtracted results are illustrated in Fig.5.6. 
 
Fig.5.6 Magnitude & phase plots and real & imaginary part plots of subtracted admittance 
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The corrected admittance response of the T2 insulation system is illustrated in 
Fig.5.7. The geometric capacitance is 1.05 nF. Further, Fig.5.8 shows the subtraction 
results. 
 
Fig.5.7 Corrected admittance response of T2 insulation system 
 
Fig.5.8 Magnitude & phase plots and real & imaginary part plots of subtracted admittance 
Similarly, the calibrated admittance response of the T3 insulation system is 
illustrated in Fig.5.9. The geometric capacitance is 7 nF. Fig.5.10 shows the 
subtraction results. 
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Fig.5.9 Corrected admittance response of T3 insulation system 
 
Fig.5.10 Magnitude & phase plots and real & imaginary part plots of subtracted admittance 
5.2.2 Experimental results 
A. Single-phase transformer experimental results 
Results of T1 
The differential voltage collected from the differential amplifier is plotted in 
Fig.5.11. As discussed above, residual capacitance effects, which are difficult to 
balance completely, still affect the high frequency parts. So the response at this stage 
cannot be deemed as the absolute response from non-instantaneous polarisation 
processes, shown in Fig.5.12. However, the absolute response can be formed through 
the combination of 1) the subtracted results above 10−2  Hz by means of the 
compensation method in section 5.2.1 and 2) the differential admittance response in 
low frequency response below 10−2  Hz. Fig.5.13 summarizes the combination 
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results. Fig.5.13 (a) shows the differential response consistent with case 2 in Table 
4.2. According to case 2, the variable capacitance Cx is still larger than C0 with a 
small amount of value. Hence, the dielectric response only from non-instantaneous 
dielectric response is extracted after the two parts combined, shown in Fig.5.13 (b). 
 
Fig.5.11 Chirp voltage excitation 𝑉𝑠(𝑡) and differential voltage 𝑉𝑑𝑖𝑓(𝑡) 
 
Fig.5.12 Admittance response calculated form 𝑉𝑑𝑖𝑓(𝑡) 
 
Fig.5.13 (a) Two responses from the measurements and (b) Combined relaxation term response 
Fig.5.14 displays the real and imaginary admittance of the non-instantaneous 
dielectric responses and the imaginary admittance, known as the relaxation term, is 
characterised as ‘bumps’. Also, the parameters of the RC branches were identified 
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based on the process mentioned in section 3.4, which are displayed in Table 5.3. 
Here, 4 branches are fitted to describe the behaviour of the polarisation processes. 
 
Fig.5.14 Real and imaginary part of the non-instantaneous dielectric responses 
Results of T2 
Fig.5.15 displays the excitation and differential voltage responses of T2. The 
non-instantaneous responses, illustrated in Fig.5.16, were achieved according to the 
same combination process as applied on T1. Three branches are sufficient to describe 
the slow polarisation processes for the insulation system of T2 and the parameters of 
RC branches are listed in Table 5.3 as well. 
 
Fig.5.15 Chirp voltage excitation 𝑉𝑠(𝑡) and differential voltage 𝑉𝑑𝑖𝑓(𝑡) 
 
Fig.5.16 Real and imaginary part of the non-instantaneous dielectric responses 
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Table 5.3 Parameters of the fitted RC model of T1 and T2 
Transformer Branches R /G𝛀 C /nF 𝝉 /s 
T1 
1 18.473 0.0186 0.343 
2 68.457 0.0343 2.345 
3 240.860 0.0871 20.981 
4 49.347 14.014 691.529 
T2 
1 38.577 0.0304 1.173 
2 39.520 0.472 18.654 
3 340.000 1.000 340.000 
B. Three-phase transformer experimental results-T3 
Based on the same process as the single-phase transformer, the excitation and 
differential voltage responses of T3 are illustrated in Fig.5.17. The non-instantaneous 
frequency responses are presented in Fig.5.18. The responses are fitted with 4 
branches RC model and the parameters are listed in Table 5.4. 
 
Fig.5.17 Chirp voltage excitation 𝑉𝑠(𝑡) and differential voltage 𝑉𝑑𝑖𝑓(𝑡) 
 
Fig.5.18 Real and imaginary part of the non-instantaneous dielectric responses 
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Table 5.4 Parameters of the fitted RC model of T3 
Transformer Branches R /G𝛀 C /nF 𝝉 /s 
T3 
1 2.403 0.142 0.341 
2 32.174 0.150 4.829 
3 151.020 0.271 40.957 
4 338.851 0.999 338.614 
5.2.3 Discussion of results 
 
Fig.5.19 Imaginary admittance YRC
′′(f) of T1 
 
Fig.5.20 Imaginary admittance YRC
′′(f) of T2 
Fig.5.19 and Fig.5.20 show the peak or ‘bump’ responses  YRC
′′(f)  of T1 and 
T2, respectively, measured by the proposed bridge circuit. It is known that the 
response with frequencies higher than 10−3 Hz is associated with the condition of oil 
and the interfacial polarisation process while the response with very low frequencies 
below 10−3 Hz is related to the degradation condition of solid insulation [5, 8, 68]. 
In addition, the magnitude of the ‘bumps’ is determined by the resistive loss 1/(2Ri) 
[1]. In Fig.5.19, there are two large bumps sitting below 10−3 Hz and above 10−2 Hz, 
respectively. This implies that polarisation mechanisms of the solid insulation part 
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and oil of T1 are activated more at the present degradation stage. With respect to T2, 
two dominant bumps are located in the high frequency range and one small bump in 
the very low frequency range. It is evident that the deteriorating situation of T2 is 
different from that of T1. The dominant polarisation mechanisms are located within a 
relatively higher frequency range associated with the interfacial accumulation 
process. These two single-phase transformers share similar insulation structures and 
voltage levels so it is justifiable to put the two plots of imaginary admittance together. 
The comparison plot is displayed in Fig.5.21. From Fig.5.21, the paper and 
pressboard condition in T1 is worse than in T2, and its oil condition is degraded as 
well compared with T2. However, the losses in the middle range of the frequencies 
of T2 are larger than that of T1, which means the polarisation processes in this range 
are more active in T2 and this may be related to the interfacial polarisation processes. 
Further, the parameters of dominant branches can be roughly estimated through 
observation, such as branches 1 and 4 of T1 and branches 1 and 2 of T2. Above all, 
the relaxation term or the imaginary admittance  YRC
′′(f)  can provide more 
degradation information which would be difficult to extract from a single curve of 
tanδ or curves of complex capacitance versus frequency.  
 
 Fig.5.21 Comparison of imaginary admittance  YRC
′′(f) plots between T1 and T2 
Fig.5.22 shows the imaginary admittance dielectric response of T3, the large 3-
phase transformer under investigation. Here, no significant bumps come out at the 
low frequency band and the response seems monotonous compared with the 
responses of T1 and T2. There is only one dominating branch at high frequency. The 
branch responses of T3 may imply that the high frequency branch will govern the 
 YRC
′′(f) for an unaged insulation system and the relative flat shape of the response 
could be deemed as the beginning base for the oil-paper insulation degradation 
process. 
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Fig.5.22 Imaginary admittance YRC
′′(f) of T3 
The three transformers investigated represent three distinct insulation 
conditions and present different shapes of the imaginary admittance responses. The 
fitted branches plotted in the above figures assist in the interpretation of imaginary 
admittance responses. The current experimental evidence shows the distinct bumps 
located in the relatively low frequency band tend to come out as the relevant 
polarisation process in the region is dominant in the degradation process. It is 
believed that this degradation indicator, the imaginary admittance, can provide 
additional dielectric condition information for the ageing status diagnosis. 
5.3 POLARISATION AND DEPOLARISATION CURRENT 
MEASUREMENT 
The PDC measurements, mentioned in section 2.3.2, were applied on the three 
transformers according to the aim in Table 5.2. The experiment set-up is based on the 
circuit illustrated in Fig.2.12. 
A. Single-phase transformer experimental results 
The step voltage was 183 V for the single-phase transformer tests. The 
polarisation current Ipol(t)  and depolarisation current Idep(t)  are summarised in 
Fig.5.23. The value of R0  can be estimated for the long time constant of the 
difference between Ipol(t) and Idep(t) and the result as well as C0 value estimated 
from bridge circuit measurements are included in Table 5.5 [68]. As stated in section 
3.2.3 A, the depolarisation current is generated from the non-instantaneous or slow 
polarisation processes that are activated partly or fully during the charging period. 
The charged dipoles release their stored energy when the insulation system is shorted. 
So the depolarisation current can be fitted through the combination effects among the 
RC branches of the Debye extended equivalent circuit. Further, to demonstrate the 
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validity and reliability of the bridge circuit results, the simulated depolarisation 
currents according to the RC parameters in Table 5.3 should be consistent with the 
measured depolarisation responses. The comparison results are illustrated in Fig.5.24 
and simulated responses agree well with the measured depolarisation current. It is 
noticed that the simulated curves decay early along the time axis compared with the 
measured currents. The reason is the time constants identified from the relaxation 
term, which are 691.529 seconds for T1 and 340 seconds for T2, respectively, only 
cover the responses with time constants below 103 seconds. 
 
Fig.5.23 Polarisation and depolarisation plots of the two transformers 
Table 5.5 Estimated insulation resistance and geometric capacitance 
Transformer 𝐑𝟎 /G𝛀 𝐂𝟎 /nF 𝛕𝐠 /s 
T1 71.41 0.363 25.92 
T2 304.50 1.05 319.725 
 
Fig.5.24 Comparison between measured and simulated results 
B. Three-phase transformer experimental results 
The PDC measurement results of the 3-phase transformer T3 is shown in Fig. 
5.25. Here the step voltage for charging had a magnitude of 160 V. Further, the 
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simulated depolarisation current is compared with the measured current based on the 
same purpose in part A and the results are displayed in Fig.5.26. The simulated 
response only covers the measured results below 103  seconds because the largest 
time constant branch identified through the imaginary response during the bridge 
circuit measurements is 338.614 seconds. Table 5.6 lists the estimated geometric 
parameters. 
 
Fig. 5.25 Polarisation and depolarisation plots of T3 
 
Fig.5.26 Comparison between measured and simulated results 
Table 5.6 Estimated insulation resistance and geometric capacitance 
Transformer 𝐑𝟎 /G𝛀 𝐂𝟎 /nF 𝛕𝐠 /s 
T3 160.51 7 1123.57 
 
At this stage, the parameters of the equivalent circuits of the insulation system 
under investigation are fully identified. Hence, the method proposed for the RVM 
results estimation in section 3.2.3 can be verified through scaling the measured 
imaginary admittance. The estimated results of the single-phase transformers T1 and 
T2 are illustrated in Fig.5.27 and Fig.5.28, respectively. Here, the simulated 
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polarisation spectrum is computed according to equations (31) to (33) while the 
scaled spectrum based on the imaginary admittance responses is obtained by 
equations (47) and (48). These two comparison plots confirm that the central time 
constant can be predicted by frequency domain response. As for the mapping results 
of T3, only the approximate profile of the polarisation spectrum is obtained. The 
inherent reason is that the losses of the large time constant or very low frequency is 
too small to be measured by using the current bridge circuit. Regardless of this 
technical drawback, the master curve can be used to represent the effects of 
geometric capacitance on RVM response highlighting the large time constant 
balanced imaginary response. The parameter ‘a’ equals 3045 for the mapping of T1 
and T2 while the parameter ‘a’ chosen for T3 is 2555 on account of their geometric 
time constant. 
 
Fig.5.27 Comparison between simulated polarisation spectrum in RVM and FDS scaled spectrum 
response (A: the estimated Maximum; B: the Maximum in RVM) 
 
Fig.5.28 Comparison between simulated polarisation spectrum in RVM and FDS scaled spectrum 
response (A: the estimated maximum; B: the maximum in RVM) 
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Fig.5.29 Comparison between simulated polarisation spectrum in RVM and FDS scaled spectrum 
response (B: the maximum in RVM) 
5.4 CONVENTIONAL FDS MEASUREMENTS 
The conventional offline FDS measurements were carried out on the 
transformers according to the laboratory set-up illustrated in Fig.5.30, Fig.5.31 and 
Fig.5.32, respectively. Fig.5.32 shows the offline FDS set-up for a 3-phase 
transformer. The chirp voltage is injected through the shorted HV terminals while the 
dielectric response current is measurement by the neutral connection, labelled as ‘n’ 
in Fig.5.32. Although the low-pass filter system is not necessary for the offline tests, 
we used the same measurement circuit as the proposed online measurement method 
to evaluate the performance of the designed circuit and obtain the calibration 
responses, which were implemented to cancel the existing distortions associated with 
the proposed measurement circuit. The total measurement time for the single-phase 
transformers was 104 seconds (2.8 hours) with the frequency band from 10−3 Hz to 
100 Hz, while the time taken with the discrete sinusoidal waveform excitation was 
3.25 hours according to the measurements we did on the same transformers. 
 
Fig.5.30 Conventional FDS measurement arrangement 
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Fig.5.31 The measurement apparatuses for the SWER transformers 
 
Fig.5.32 The measurement set-up for the 3-phase transformer 
5.4.1 Calibration method 
The ultimate results from the experiments for analysis should be the proper 
responses only from the transformers without any distortions from filters or the 
signal processing procedure. Therefore, calibrated measures should be taken before 
going any further in interpreting the results. There are two minor expected distortions 
in the designed measurement system influencing the raw measured responses. One is 
produced by the magnitude attenuation and phase shift effects of the low-pass filter 
stage, shown in Fig.3.7, when the frequency is close to the corner frequency, that is, 
1Hz; another potential error is from the swept chirp signal since the fast speed of the 
chirp in frequency may not provide the perfect phase responses. The calibration 
process in the post-processing to compensate for these sources of distortions is: the 
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distortions were identified by measuring the response of a large value resistor with 
the same input chirp voltage waveform and low-pass filter system as was used for 
measuring the transformers’ response; moreover, the frequency domain response was 
extracted according to the same sectioning process as applied in the chirp-matched 
filter as for the transformer case. The distortions buried in the experiment results 
were calibrated out by removing the identified distortion responses. Hence, all the 
experimental results presented in the following sections are effectively free of 
measurement system introduced distortions. The results of measuring a 200 MΩ 
resistor by using the same designed measurement circuit are illustrated in Fig.5.33. 
The sample frequency was 50 Hz and the time for the swept chirp from 10−3 Hz to 
100 Hz is chosen to be 104 seconds. 
 
Fig.5.33 Experimental results of measuring a 200 MΩ resistor 
 
Fig.5.34 Excitation voltage spectrum 
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Fig.5.35 Current response spectrum after removing the gain of the filters 
 
Fig.5.36 Spectrum of the 200 MΩ resistor 
As shown in Fig.5.33, the roll-off parts at the end of the output are affected by 
the low-pass filter system attenuation effects. Also, Fig.5.36 reveals the distorted 
resistive spectrum, which is calculated through the responses shown in Fig.5.34 and 
Fig.5.35. As for a resistive response, the magnitude response should be flat and phase 
shift should be zero within the whole spectrum. Then any inconsistencies associated 
with the spectrum in Fig.5.36 are recognised as the distortions from both the 
measurement circuit and the chirp-matched filter, which need to be cancelled out 
from the transformer outcomes. 
5.4.2 Experimental results 
A. Single-phase experimental results 
Results of T1 
 
Fig.5.37 Chirp voltage excitation and its response current from the filter system 
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Fig.5.38 Admittance response of the insulation system 
Fig.5.37 shows the time domain responses of T1 obtained from the 
experiments. The response current I′TX(t) is evidently distorted by noise from the 
measurement circuits as well as the attenuation effects from the low-pass filter 
system. The response was further processed by using the chirp-matched filter to 
extract the magnitude and phase information in the frequency domain and the 
calibration method. Fig.5.38 summarises the frequency domain responses of the 
admittance of the insulation system. Here, the measured responses of the 
transformers are compared with the simulated responses from the 4-branch Debye 
extended equivalent model obtained from the bridge circuit and PDC measurement 
results (see Table 5.3 and Table 5.5). The comparison is used to evaluate the 
feasibility and validity of the measuring system. The differences between the results 
are seen to mainly be due to noise present in the measured signals as well as minor 
distortions introduced by the chirp-matched filter at low frequencies. Bearing these 
limitations in mind, there is a good fit between the measured and model simulated 
responses since the R2 value for magnitude deviation is not less than 0.99 while the 
value for phase deviation is not less than 0.89, respectively. The above processing 
was applied on transformer T2 as well. 
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Results of T2 
 
Fig.5.39 Chirp voltage excitation and its response current from the filter system 
 
Fig.5.40 Admittance response of the insulation system 
 
Fig.5.41 Dissipation factor 𝑡𝑎𝑛𝛿(𝑓) comparison 
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Fig.5.41 reveals the dissipation factor tanδ(f) plots of the two transformers. 
The single-phase transformers share similar winding configurations and rating levels 
so it is reasonable to compare these two in the same plot. Here, the dielectric loss of 
T1 is evidently larger than that of T2, which means the overall degradation condition 
of T1’s insulation system is worse than that of T2. The assessment agrees well with 
their years of manufacture. However, the dominant non-instantaneous polarisation 
dielectric response associated with solid and liquid insulation condition is hard to 
assess directly as the imaginary admittance response from the bridge circuit is based 
on the curves of the dissipation factor. It is further proved that the offline FDS 
technique is improved owing to the bridge circuit measurement. 
B. Three-phase transformer experimental results 
 
Fig.5.42 Chirp voltage excitation and its response current from the filter system 
 
Fig.5.43 Admittance response of the insulation system 
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Fig.5.44 Dissipation factor 𝑡𝑎𝑛𝛿(𝑓) 
The responses in frequency domain, shown in Fig.5.43, were extracted after the 
calibration and the chirp-matched filter processing on the time domain response, 
illustrated in Fig.5.42. It is evident that the phase shift within the frequency band 
under investigation is approaching 90, extremely close to a pure capacitor in 
Fig.5.43, which implies that the insulation system is unaged with negligible losses. 
The dissipation factor shown in Fig.5.44 is consistent with the assessment that the 
transformer is adequately new since the resistive losses are sufficiently low 
compared with the plots in Fig.5.41. 
5.5 PROPOSED ONLINE FDS MEASUREMENTS 
5.5.1 Experimental results 
A. Single-phase transformer experimental results 
 
Fig.5.45 Proposed FDS measurement arrangement under an energised condition 
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The proposed FDS measurement arrangement for single-phase transformers is 
shown in Fig.5.45. The chirp waveform is simulated by the ‘Chirp’ command in 
MATLAB installed in the laptop and the chirp signal voltage excitation is generated 
from Data Acquisition toolbox and transmitted through the Digital Analog Converter 
(DAC) to the voltage amplifier. On the measurement side, the corresponding 
response current ITX(t) is passing through the analog low-pass filters paralleled with 
the earthing resistor Rnto be amplified and filtered response current I′TX(t) and then 
is recorded through the Analog Digital Converter (ADC) and post-processed by the 
chirp-matched filter, which is coded with MATLAB scripts in the laptop. The chirp 
swept time was 104 seconds from 10−3 Hz to 100 Hz.  
For the laboratory tests, the transformers under test were powered from the 50 
Hz 240 V mains supply via a Variac and an isolation transformer as illustrated in 
Fig.5.45. The test transformer was back energised via its low voltage 250 V 
secondary winding. This resulted in the primary winding of the transformer under 
test being at a potential of 12.2 kV for the single-phase. The magnitude of the 
injected chirp voltage signal varied slightly from one measurement to another. At the 
experimental stage, the HV winding of the transformer under test was open circuited 
without any load current, as the aim was to investigate the power frequency high 
magnitude electric field effects on the insulation system. There could, however, 
potentially be large power frequency neutral currents flowing in the measurement 
system due to load imbalances in the system. The low-pass filter system in the 
measurement system was designed to reject 50 Hz signals and only pass the signals 
below 1 Hz for further processing. 
The purpose of the isolation transformer was to prevent the low frequency FDS 
excitation signals from entering the mains and to make the experiments safe or it 
could be treated as the set-up transformer connected with the transformer under test 
in a power network. 
Results of T1 
The chirp voltage excitation waveform applied on the energised transformers 
and the dielectric response current are displayed in Fig.5.46. Further, the frequency 
domain admittance responses were extracted through the chirp-matched filter and are 
summarised in Fig.5.47.  
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Fig.5.46 Chirp voltage excitation and its response current from the filter system 
 
Fig.5.47 Admittance response of the energised insulation system 
Results of T2 
The experimental results from the energised transformer T2 are illustrated in 
Fig.5.48 and Fig.5.49, respectively. 
 
Fig.5.48 Chirp voltage excitation and its response current from the filter system 
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Fig.5.49 Admittance response of the energised insulation system 
 
Fig.5.50 Dissipation factor 𝑡𝑎𝑛𝛿(𝑓) comparison under energised conditions 
Fig.5.50 compares the energised dissipation factor responses of T1 and T2. It 
shows that similar conclusions can be obtained to the ones in Fig.5.41. The overall 
degradation condition of the insulation system of T1 is more deteriorated compared 
with the status of T2. However, a small deviation appears when the energised and de-
energised responses are compared with each other, shown in Fig.5.51 and Fig.5.52, 
respectively. According to Fig.5.51, the energised response labelled as ‘E’ is slightly 
larger than the de-energised response labelled as ‘DE’. By looking at the complex 
capacitance results in Fig.5.52, the real part of capacitance C′ of T1 and T2 from the 
energised and de-energised experiments are consistent with each other, while the 
imaginary part of capacitance C′′  shows relatively small differences, which are 
associated with total resistive losses. Further, the experiments were implemented at 
similar temperatures of around 25 °C, and no obvious oil temperature rise was 
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observed during the energised experiments compared with the de-energised case 
since the current through the test transformer was only the no load primary current. 
This did not result in any influences on dielectric response due to discernable 
temperature rise of the two transformers under test during the energised FDS 
measurements. As mentioned in section 2.2.2, the nonlinear phenomenon due to the 
combination of 50 Hz and the low frequency electrical field is expected in the 
energised condition. And this behaviour is seen as apparent increased losses in low 
frequency band, shown in Fig.5.51 and Fig.5.52. Therefore, it is safe to conclude that 
the difference between energised and de-energised responsesis mainly due to 
nonlinear phenomenon excited by the high magnitude electric field stress at 50 Hz. 
The conclusion implies that not only the operating temperature but also the power 
frequency stress has an effect on the dielectric response when the measurement is 
considered in a real-time online mode.  
 
Fig.5.51 Comparison between energised and de-energised dissipation factor (DE: de-energised; E: 
energised) 
 
Fig.5.52 Comparison between energised and de-energised complex capacitance responses (C′: real 
part of capacitance; C′′: imaginary part of capacitance) 
B. Three-phase transformer experimental results 
The winding configuration of the 3-phase transformer T3 under test is Delta-
Wye connection. According to the method proposed in section 3.1.3 (Fig.3.4 and 
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Fig.3.5), the VS(t) injection is created through the VT neutral on the primary side 
(Delta-connected) and the amplified dielectric response Vout(t) is measured through 
the neutral resistor on the secondary side (Wye-connected), illustrated in Fig.5.53. 
Similarly to the arrangement of the single-phase transformers tests, T3 was powered 
from the 50 Hz 433 V mains supply via a 3-phase Variac, illustrated in Fig.5.53 and 
Fig.5.54. Although the VTs are inevitably included as a part of the measurement 
circuit, their corresponding responses barely influence the dielectric response of T3 
as the impedance of the windings of VTs within the low frequency band we are 
interested in is sufficiently small and can be neglected compared with the impedance 
of the insulation system of T3. This approximation can be proved in Fig.5.56. Two 
offline experiments were conducted. One was the dielectric response without VTs 
illustrated in Fig.5.32 while another was the dielectric response with VTs based on 
the connections in Fig.5.53. The largest difference of the phase shift between the two 
curves is around 1 degree in Fig.5.56 that should be the errors from the measurement 
circuit. 
 
Fig.5.53 The circuit connections of the proposed method on T3 
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Fig.5.54 Laboratory arrangement of online test on T3 (L: Lines; N: Neutral; E: Earth) 
 
Fig.5.55 Physical connections in the high voltage cage 
 
Fig.5.56 Admittance responses comparison between injection with and without VTs 
The transformer under test was energised at the rated full voltage 11 kV on the 
primary side and 433 V on the secondary side. The LV windings of the transformer 
under test were open circuited without any load current; that was the same as for the 
previous single-phase tests. The unbalanced voltage on the injection side during the 
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online tests was only around 0.125 V (peak to peak value) that was bearable for the 
signal generator.  
 
Fig.5.57 Chirp voltage excitation and its amplified voltage response 
 
Fig.5.58 Admittance response of the energised insulation system 
 
Fig.5.59 Comparison between energised and de-energised dissipation factor (DE: de-energised; E: 
energised) 
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Fig.5.60 Comparison between energised and de-energised complex capacitance responses (C′: real 
part of capacitance; C′′: imaginary part of capacitance; DE: de-energised; E: energised) 
The dielectric responses extracted from the energised and de-energised T3 are 
compared in Fig.5.59 and Fig.5.60, respectively. Temperature rise during the 
experiment was ignored under the no load condition. On the basis of the comparisons, 
the two plots illustrate that no discernable differences are observed as these occurred 
in the single-phase transformer cases. A highly possible reason for this dissimilarity 
is that the transformer T3 insulation system is free of dipoles and contaminants and 
the losses are too slight to make any significant difference since it is quite new 
having been manufactured in 2011. The unaged insulation system behaves like an 
ideal capacitor. Therefore, the nonlinear phenomenon characterizing as the increment 
of resistive losses excited by the combination of 50 Hz and the low frequency 
electrical field could not be observed in energised condition if the insulation system 
under investigation is in a good condition and the losses are negligible.  
The averaged difference values between energised and de-energised dissipation 
factor responses of the three transformers under test are calculated in order to 
evaluate the nonlinearity effects on transformers. The values are computed according 
to equation (70). The results are plotted in Fig.5.61. The dashed curves A, B and C 
represent the mean (∆tanδ) values distributed in the three frequency bands. 
𝑚𝑒𝑎𝑛(∆𝑡𝑎𝑛𝛿) =
∑ |𝑡𝑎𝑛𝐸𝛿(𝑓𝑘) − 𝑡𝑎𝑛𝐷𝐸𝛿(𝑓𝑘)|
𝑁𝑆
𝑘=1
𝑁𝑆
 
(70) 
where NS  denotes the sample number in each response; tanE(fk)  and tanDE(fk) 
represent energised and de-energised responses, respectively. 
In Fig.5.61, the descending trends of the mean(∆tanδ) values calculated from 
the three frequency bands are consistent with the whole band averaged value shown 
by the solid blue line. Therefore, the level of the nonlinearity phenomenon can be 
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reflected and represented by this single curve that represents the general relationship 
between nonlinearity and insulation degradation condition. It is clear that the 
nonlinear phenomenon tends to increase as the insulation system status of the 
transformer under test becomes deteriorated. 
 
Fig.5.61 Mean difference values between energised and de-energised dissipation factor responses 
Another energised test was carried out on the 3-phase transformer T3 with the 
purpose of running a faster chirp with frequency swept from 10−4 Hz to 100  Hz 
within 1.2 × 104  seconds (3.3 hours). The applied voltage as well as its 
corresponding response is illustrated in Fig.5.62. The frequency domain result was 
extracted from the chirp-matched filter with the narrowest segment setting (𝑛1 = 2,
𝑛2 = 1, 𝑛3 = 0) aiming at obtaining more sample points at the very low frequency 
band (10−4  Hz ~ 10−3  Hz). The results compared with the previous 104  seconds 
responses and simulated responses are shown in Fig.5.63 as well. Slightly 
mismatched samples appear in the low frequency band since the dielectric response 
current is very small at this stage and therefore the noise level is relatively significant 
compared with high frequency responses. Another reason that the limited points were 
included into the average process to cancel the noise formulated in equations (59) 
and (60) due to the narrowest segment setting of the chirp-matched filter. Although 
the errors exist in the results, they are bearable for this application. Therefore, the 
fast online dielectric response measurement is successful with acceptable processing 
errors. 
 T1 T2 T3  
10
-4
10
-3
10
-2
10
-1
10
0
Transformer
m
e
a
n
(
 t
a
n
 
(f
))
 
 
A:10
-3
~10
-2
 Hz
B:10
-2
~10
-1
 Hz
C:10
-1
~10
0
 Hz
10
-3
~10
0
 Hz
  
Chapter 5: Experimental Laboratory Work on Transformers 132 
 
Fig.5.62 Short time chirp voltage excitation and its amplified voltage response 
 
Fig.5.63 Admittance response of the energised insulation system 
5.5.2 Discussion of results 
Dielectric response measurements on an energised transformer can be achieved 
via the proposed neutral injection and measurement technique detailed in this 
research. This technique is more straightforward compared with the bushing tap 
method [101] mentioned in the literature review as with the method detailed in this 
work it is only the transformer insulation system that is tested and assessed. An 
initial interpretation of the energised results shows that the high level of power 
frequency electric field stress tends to excite the nonlinear phenomenon in the 
insulation under test, which can be seen as apparent increased losses within the low 
frequency band for a relatively aged insulation system, when temperature effects are 
avoided. In addition, the application of chirp waveform excitation is shown to be 
successful in significantly reducing the measurement time in the proposed dielectric 
response measurements. 
5.6 OIL SAMPLE LABORATORY TEST RESULTS 
Oil sample tests of these three transformers under test were conducted by 
Powerlink’s Oil Testing Services laboratory in order to further confirm the validity 
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and reliability of the assessments of the proposed offline as well as online FDS 
measurement techniques. The results are summarised in Table 5.7 and the copies of 
the test reports are attached in Appendix E. In Table 5.7, the DP values, which can be 
used to evaluate the degradation condition of cellulose parts, are estimated according 
to the moisture content in oil as well as the amount of furans. It is evident that the 
deterioration level of cellulose components in T1 is the worst and T2 is in a better 
condition while the solid insulation of T3 has not been through any degradation. The 
solid part condition assessment agrees well with the conclusion drawn according to 
the imaginary admittance responses obtained by the proposed bridge circuit 
measurements. Further, the resistivity values show that the oil condition of T2 is 
better than that of T1. Also, the oil insulation of T3 is in a good status. This 
assessment is consistent with the small time constant imaginary admittance responses 
from the bridge circuit tests as well. With respect to the DDF values, the tests were 
implemented at power frequency so the results afford limited information for the low 
frequency assessment. Further, the overall insulation condition assessed by the 
dissipation factor results within the low frequency band both from the offline and 
online FDS measurements is that T1 insulation system is more deteriorated than T2 
while the T3 insulation system is unaged. This evaluation is in agreement with the 
insulation ages estimated according to the oil sample tests. 
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Table 5.7 Oil sample test report 
Test 
Single-phase transformer 3-phase transformer 
T1 
(1959) 
T2 
(2004) 
T3 
(2011) 
Moisture 24C /ppm 23 7 4 
Furans/ppm 1.53 (2-Furfural) 
0.254 (2-Furfuryl 
Alcohol) 
-- 
Estimated degree of 
polymerization DP 
336 Acceptable 1200 
Resistivity 90C/GΩ 14 40 64 
Dielectric dissipation 
factor DDF 90C 
(50Hz) 
0.017 0.023 0.004 
Estimated insulation 
age/years 
33 Acceptable 0 
5.7 SUMMARY 
The proposed experimental techniques as well as chirp processing methods are 
successfully applied on single-phase and 3-phase transformers. The experimental 
works on transformers establish the feasibility of using the FDS test online. 
As for the online FDS implementation, chirp waveform excitation injection can 
be achieved through the accessible neutral connection or the utilisation of VT’s 
neutral for Delta-connected windings. On the other hand, the extremely small 
dielectric response current measurement is accomplished through measuring the 
voltage of the earthing resistor in the neutral connection as well. The potential noise 
from the external network is filtered out as it is forced to pass the designed high gain 
low-pass filter system and the low frequency dielectric response is then amplified 
with remaining noise limited to an acceptable level. The highly accurate frequency 
results presented in this chapter proves that the chirp-matched filter is a reliable and 
promising method to fulfil frequency transformation on a noisy chirp waveform 
signal. Also, the application of chirp waveform instead of discrete sinusoidal 
waveform contributes to the reduction of measuring time in online FDS 
measurements. In addition, nonlinear dielectric responses excited by the high voltage 
stress are observed when compared with offline responses. It is found that the 
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increment of resistive losses gives rise to this discernible phenomenon and the 
nonlinear level depends on the degradation status of the insulation system under test.  
The offline FDS benefits a lot from the bridge circuit measurements. The non-
instantaneous polarisation responses can be fully represented with imaginary 
admittance characterizing as the ‘bump’ responses measured through balancing the 
geometric influence. This newly proposed indicator facilitates in identifying the 
dominant polarisation mechanisms during the insulation degradation and 
contributing RC branches are easily extracted by observing the ‘bump’ responses. 
Moreover, correlations between time domain measurements, PDC as well as RVM, 
can be built with the assistance of the imaginary admittance response. The 
application of the chirp waveform excitation again accelerates the offline bridge 
measurement considerably. 
Importantly, it is noticed that the bridge circuit results, the PDC results and the 
conventional FDS results are consistent with each other with the aid of the simulated 
results. The consistency demonstrates that the dielectric response methods put 
forward in this thesis are reliable and have relatively high accuracy. 
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Chapter 6: Conclusions and Future Works 
This chapter summarizes the research work included in the thesis and draws 
key conclusions on the basis of the main accomplishments. The limitations regarding 
the proposed techniques and methods are discussed as well. Final recommendations 
are made as practical suggestions for future research. 
6.1 CONCLUSIONS 
The intention of CBM application on large expensive power transformers is 
becoming the driving force to move the dielectric response measurements from 
offline to online, which strategizes the ambition of this research. Regarding this, 
online as well as offline advanced techniques are developed in detail and effectively 
implemented with the purpose of improving frequency dielectric response 
measurements. The three original contributions aiming to address the three research 
problems proposed as research ambitions in Chapter 1 are achieved. The efforts in 
this research are exerted with respect to the following: methodology, simulation and 
experimental implementations. 
An online technique for dielectric response measurements is proposed and 
implemented through neutral injection and measuring methods. Specifically, a 
measuring system was built with careful consideration of practical challenges raised 
by online application and feasible solutions are discussed. To accelerate the 
traditional time-consuming FDS measurement, a chirp waveform with swept 
frequency mainly from 10−4 Hz to 100 Hz is selected as the excitation waveform 
substituting the conventional discrete sinusoidal waveform voltage. In addition, this 
low frequency excitation signal exerts little influence on the Total Harmonic 
Distortion (THD) value of the grid since the signal has negligible contribution on the 
harmonics of power frequency. A bridge circuit was designed in order to measure the 
non-instantaneous dielectric response for offline enhancements. Frequency 
admittance response characterizing a ‘bump’ profile was proposed as an alternative 
indicator to interpret the degradation process. This response was further used to link 
the results of time domain PDC as well as RVM measurements based on an 
insulation equivalent circuit extracted with the aid of a bidirectional system 
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identification process. In addition, a chirp-matched filter was designed to obtain 
frequency information of chirp-like waveforms that were injected and measured from 
the above-mentioned online and offline FDS measurements. Substantial experimental 
works including frequency domain, time domain as well as chemical measurements 
were carried out to support the proposed techniques. 
It is found that online FDS measurements are achievable on energised 
transformers where measurement through injection on neutral connections is a 
promising method for online application. Even for Delta-connected windings, the 
neutral injection or measurement can be realised through the VT’s neutral point. The 
low-pass filter system can effectively filter the high frequency noise and meanwhile 
successfully measure the extremely small dielectric current. It is necessary to point 
out that the current measurement is critically dependent on the value of the earthing 
resistor. The expected resistance for measuring purposes should be in a range from 
tens to hundreds of ohmsto match the gain value and the measurable range for the 
Data Acquisition box otherwise the magnitude of the response current in the final 
stage of the measurement would be out of the scale in the designed measuring system. 
Moreover, before applying the method, detailed knowledge of the network from 
which the transformer is supplied as well as the network it is feeding is necessary to 
assess the suitability of the proposed technique: a) there is access to the neutral 
points on the transformer to be tested or there is the opportunity to create a neutral 
point; b) there are no other low impedance paths to earth in the external network that 
would shunt the generated or measured signal to ground; c) there is no substantial 
Geomagnetically Induced Current (GIC) flowing through the measurement loop 
which will make the dielectric response current immeasurable. Due to these 
limitations, there will be restrictions on where this technique can be successfully 
implemented. For practical utilisation, a protection system may be necessary to 
ensure safe operation. Although the technique is not a fix-all solution for online 
application, the primary challenges impeding the success of online dielectric 
response measurements have been well addressed. 
As for the online experimental stage, it was the first time that the low 
frequency at the range of 10−4 Hz to 100 Hz nonlinear phenomenon was found from 
the online dielectric response measurement with the subjection of high electric field 
at power frequency. The nonlinear responses observed from the energised insulation 
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system were attributed to the resistive losses excited by the combination of the high 
level power frequency and the low frequency electrical field. The interpretation of 
the nonlinear phenomenon can be reached by means of the no-load arrangement to 
avoid any discernable temperature rise. Further, the degree of this nonlinearity was 
estimated according to the deterioration level of the oil-paper insulation system under 
test since the resistive losses excited tend to rise as the insulation system gets 
degraded. However, this research does not include experiments on a loaded 
transformer that can be used to investigate the temperature effects corresponding to 
load variations on dielectric response. In this case, the online dielectric phenomenon 
under more realistic circumstances can be further studied. 
The hidden slow polarisation responses were successfully uncovered when the 
large geometric capacitance effects were balanced out with the application of the 
bridge circuit on conventional FDS measurements. The interpretation as well as the 
degradation assessment of the oil-paper insulation system was further simplified by 
studying the bump-shape behavior of the imaginary admittance response from the 
bridge measurements. The fitted branches assist in interpreting imaginary admittance 
responses. The dominant polarisation processes are identifiable when their 
corresponding bumps came out. The initial experimental evidence in this research 
shows the discernible bumps located in relatively low frequency band tend to rise up 
as the polarisation in the region become dominant. The proposed insulation model 
identification process can get rid of the potential distortion created by the chirp 
processing. Moreover, a straightforward linkage with depolarisation current response 
was established owing to the bridge measurements. The central time constant in 
RVM results could also be estimated by scaling the imaginary admittance with a 
master curve. The master curve was computed with limited published model data so 
it may be not versatile enough to satisfy all situations. As for the current version of 
this bridge circuit, the variable capacitor had a relatively narrow adjustable range 
which could only balance the geometric capacitance of the transformers tested in this 
research and the resolution was not high enough to completely cancel out the effects 
of geometric capacitance from the dielectric response. Moreover, the influence of 
potential contributing factors, such as thermal ageing, the presence of moisture 
content and ageing by-products, will affect the bump-shaped response of imaginary 
admittance and this has not been investigated in this research. It is believed that a 
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more comprehensive interpretation of the insulation deterioration process can be 
acquired through these investigations. 
A chirp waveform excitation was used for the first time in these dielectric 
response measurements and provided many benefits. The measuring time was 
reduced considerably with acceptable resolution in frequency domain for online and 
offline proposed FDS measurements. Moreover, it is the noise cancellation ability of 
the chirp-matched filter that made the chirp waveform excitation a better choice for 
the online application. Successful experimental application further proved the 
availability of the chirp waveform and its processing method. One thing to keep in 
mind for using the chirp processing method is that accelerating the chirp sweep speed 
will reduce the frequency resolution. 
6.2 FUTURE RESEARCH 
The online FDS technique presented in this research is an initial investigation 
of the dielectric response measured under energised conditions and has been 
performed only in the laboratory tests. The measurement design and the results 
obtained so far can be seen as the preparation stage for an online diagnostic tool for 
dielectric measurement in the real world. More experimental work on loaded 
transformers is recommended to investigate the performance of the measurement 
circuit as well as to obtain more realistic online dielectric response. For the 
laboratory study, more efforts should be exerted on the nonlinear dielectric response 
investigations with variation of temperature as well as electric field. As for online 
FDS measurements, moisture content estimation in paper can be the next important 
topic on the interpretation of the online dielectric response.  It is recommended to 
select transformers connected to an external electrical network as the test object to 
verify the technique. It is important to accumulate field data with this technique to 
establish better understanding of the online dielectric response. In this case, 
protection measures should be taken to protect the measurement circuits. 
As a novel application of a bridge circuit cancelling the geometric response in 
FDS measurements, additional works on well-controlled samples should be 
developed to further investigate the bump developing tendency corresponding to the 
degrading process of insulation system. The oil-impregnated paper samples can be 
designed on purpose, such as samples containing a certain amount of moisture 
  
Chapter 6: Conclusions and Future Works 141 
content, ageing by-products or deteriorated cellulose, to get a full picture of how the 
bumps behave in response to these influences. In addition, the effects of temperature 
are also worthwhile to explore. In addition, the master curve provided in this research 
to scale the frequency response may not satisfy all the circumstances. So a 
comprehensive database of insulation system equivalent models should be 
established to deliver a more accurate description of master curve. This database may 
be classified according to the different geometric structures of the insulation system 
and voltage ratings of transformers. Further, the application range of the bridge 
circuit will expand if a high standard variable capacitor with a wide adjustable range 
can be used. 
The measuring time can be further reduced if the current can be measured with 
less noise so that short averaging with narrow segment is enough for cancelling the 
noise. This objective can be achieved using high performance current measuring 
equipment. 
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Appendices 
Appendix A 
Return Voltage Measurement Simulation Study 
The return voltage can also be simulated according to the equivalent circuit. 
Before the open circuit, the remaining voltage Ui(t2) at i-th RiCi branch is expressed 
in equation (71). 
Ui(t2) = U0(1 − exp (
−tc
τi
))exp (
−td
τi
) 
(71) 
Where tc  is the charging time while td  is the discharging time. And considering 
general case, we assume that the ratio between charging and discharging time is 
𝑡𝑑
𝑡𝑐
= α. 
And the return voltage Ur(t) at each charging cycle can be calculated by the 
following equations. 
dUi(t)
dt
=
1
RiCi
(Ur(t) − Ui(t))  (72) 
dUr(t)
dt
=
1
C0
(−
Ur(t)
R0
−∑
Ur(t) − Ui(t)
Ri
n
i=1
) 
(73) 
In equation (71), the remaining voltage reaches its maximum as the charging 
time equals the value calculated according to the equation −𝜏𝑖ln (
𝛼
𝛼+1
). As for the 
conventional RVM, 𝛼  is normally chosen as 
1
2
 then the charging time is 1.09𝜏𝑖 , 
which can be regarded as corresponding to the time constant of the RiCi branch. 
A Single RC branch response 
 
Fig.A.1 A single RC model 
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Fig.A.2 (a) Voltage response of capacitors and (b) Current response of branches 
 
Fig.A.3 Relation between U1 and Ur varied with different charging time tc 
Fig.A.3 Relation between U1  and Ur  varied with different charging time tc 
indicates the remaining voltage left in capacitor C1 contributes to build up the return 
voltage since it is the only voltage source after the open circuit. So, it is manifest that 
the maximum of the return voltage among the series charging-discharging 
procedures is associated with the maximum of the remaining voltage left in capacitor 
C1. Only when the charging time is set as 𝜏1with discharging time as τ1/2 can the 
return voltage reach its maximum and this explains the reason why the maximum 
value of polarisation spectrum in RVM approximately appears at the branch time 
constant (1.09τ1) in Fig.3.26. 
An Extended Debye model response 
 
Fig.A.4 The 6-branch extended Debye model 
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Fig.A.5 (a) Voltage response of capacitors and (b) Current response of branches 
As the simulation work moved on a 6-branch extended Debye model in Fig.A.4, 
the phenomenon has some similarities as the one of the single branch case. As 
illustrated in Fig.A.5 (a), the capacitor of the particular branch possesses the largest 
remaining voltage and discharges continuously after open circuit when the charging 
time attains to the time constant of one branch in the model, here tc = 𝜏3. Other 
branches may undergo charging or discharging procedures before their voltage 
become zero. However, the position where the maximum return voltage of the model 
occurs in polarisation spectrum is decided not only by time constants of branches but 
also by the resistance of each branch and paralleled RC time constants formed 
between C0 and resistors in other branches [69]. 
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Appendix B 
Low-pass Filter System 
Passive low-pass filter 
 
Fig.B.1 Passive low-pass filter circuit 
Table.B.1 Parameters of the passive filter 
Parameters Values 
𝑹𝟏 1 kΩ 
𝑹𝟐 10 kΩ 
𝑹𝟑 1000 kΩ 
𝑪𝟏 100 µF 
𝑪𝟐 10µF 
𝑪𝟑 1 µF 
 
Active low-pass filter 
 
Fig.B.2 One stage of the active low-pass filter 
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Table.B.2 Designed parameter values of the active low-pass filter 
Parameters Values 
𝑹𝟏𝟏 3.659 kΩ 
𝑹𝟏𝟐 36.587 kΩ 
𝑹𝟐𝟏 0.3659 kΩ 
𝑹𝟐𝟐 36.587 kΩ 
𝑪𝟏𝟏 3 µF 
𝑪𝟐𝟏 3 µF 
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Appendix C 
Neutral Current Simulation Study 
As shown in Fig.4.12, one of the dominant noises in this particular application 
is the neutral current IN(t) presenting on the operational transformers. Ideally, the 
neutral current is zero on the condition that the loads are balanced all the time. But 
the real situation is that the loads are changing frequently corresponding to the 
customer requirements. Under normal operation mode, the unbalanced current 
mainly comes from the load switching behaviour, which happens randomly. Here, 
the switching pattern in load side is modelled as 1/f noise as well, which has the 
properties that over short periods the noise will drift a small amount and over long 
times it will drift a larger amount, illustrated in Fig.C.1. The neutral current is 
modulated with switching noise the with the power spectrum centralised at power 
frequency. The neutral current is simulated according to the following equations. 
𝐼𝑎
′ = (1 + 1 𝑓⁄ 𝑛𝑜𝑖𝑠𝑒𝑎) × 𝐼𝑎 (74) 
𝐼𝑏
′ = (1 + 1 𝑓⁄ 𝑛𝑜𝑖𝑠𝑒𝑏) × 𝐼𝑏 (75) 
𝐼𝑐
′ = (1 + 1 𝑓⁄ 𝑛𝑜𝑖𝑠𝑒𝑐) × 𝐼𝑐 (76) 
𝐼𝑁 = 𝐼𝑎
′ + 𝐼𝑏
′ + 𝐼𝑐
′ 
(77) 
where Ia, Ib, Ic denote the three phase current, respectively. 
1
f⁄ noisea, 
1
f⁄ noiseb, 
1
f⁄ noisec  are simulated random switching mode as 
1
f⁄  noise. Ia
′ , Ib
′ , Ic
′ and IN 
represent the phase current variations and neutral current response. 
 
Fig.C.1 The Simulated 1/f noise 
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Appendix D 
Short/open/load Compensation Technique Results 
 Compensation results of T1 
 
Fig.D.1 Short-circuited responses 
 
Fig.D.2 Open-circuited responses 
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Fig.D.3 Loaded responses 
 
Fig.D.4 Transformer responses 
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 Compensation results of T2 
 
Fig.D.5 Short-circuited responses 
 
Fig.D.6 Open-circuited responses 
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Fig.D.7 Loaded responses 
 
Fig.D.8 Transformer responses 
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 Compensation results of T3 
 
Fig.D.9 Short-circuited responses 
 
Fig.D.10 Open-circuited responses 
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Fig.D.11 Loaded responses 
 
Fig.D.12 Transformer responses 
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Appendix E 
Oil Sample Laboratory Testing Results 
 
 
 
 
  
Appendices 166 
 
 
 
 
 
  
Appendices 167 
 
 
 
 
 
